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Commercial organic dyes are widely used for cellular staining due to their small 
size, high brightness, and chemical functionality. However, their brightness and 
photobleaching are not ideal for studying dynamics inside live cells. As an improvement 
over organics and much larger quantum dots, silver nanodots exhibit low cytotoxicity and 
excellent brightness and photostability, while retaining small size. We have utilized 
single strand DNA hairpin structures to encapsulate Ag nanodots. Compared to 
encapsulation within non-hair pin single strand DNA, Ag nanodots are dramatically 
improved with excellent spectral purity, high concentration, and good photophysical 
properties such as higher quantum yields and excellent extinction coefficients.  
In addition, chemical and thermal stability of Ag nanodots is remarkably 
improved by modifying DNA hairpin structures. Their applications for multi-color 
staining were demonstrated by conjugating antibodies with several Ag nanodots 
respectively and staining the targets of interest in fixed cells. These new nanodots exhibit 
dramatically improved stability in live cells as well, when delivered into cells by 
microinjection. It suggests that Ag nanodots have great potential as an alternative to 
commercial organic dyes and quantum dots for cellular staining with excellent 
photophysical properties.  
The great brightness and photostability of Ag nanodots indicate that they might be 
outstanding imaging agents for in vivo studies when encapsulated in delivery vehicles. 
Moreover, Ag nanodots can be optically modulated, which will improve the signal to 




characteristics are combined with delivery vehicles such as PLGA and nanogels. After 
encapsulation, Ag nanodots still retain their good photophysical properties and 
modulation. It might be useful for in vivo applications in the near future.  
As another noble metal nanodot, gold nanodots are produced in single strand 
DNA as well and show red emission with high quantum yield, large Stokes shift, 
excellent chemical and photophysical stability. Their potential application as cellular 
staining agent was illustrated by co-staining with a commercial organic dye, in which Au 
nanodots displayed bright imaging and novel photostability. It could be a powerful 











1-1. Modern imaging and biological studies require better 
fluorophores. 
Cellular staining/molecular imaging have been developing in divergent directions: 
Either towards macroscopic deep tissue in vivo imaging transmitted from the microscopic 
fluorescence imaging, or towards single molecule imaging to obtain information at much 
smaller scale and much more specific details.  
Researchers continue to improve visualization and quantitation of molecular 
processes as they occur in vivo in their intact and native physiological states. 1-4 In the 
early 1960s, Winkelman performed the first quantitative study of fluorescence in vivo 
with exogenous fluorophores (porphyrin)  using fluorometry and spectrophotometry.5 
Subsequently, more techniques and equipments were developed, such as fluorescence 
bronchoscope which use a mercury arc lamp or a CW (continuous wave) krypton-ion 
laser source and image target with an intensifier to amplify the faint fluorescence.6, 7 
However, some biological chromophores, such as hemoglobin, strongly absorb visible 
light, thereby limiting depth penetration at short wavelengths to a few tens of microns. 
There are also various fluorescent substances in various tissues, for instance, tryptophan, 
collagen, elastin, nicotineamide adenine dinucleotide, reduced form (NADH), flavin 
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mononucleotide (FMN) and porphyrins, obstructing the detection efficiency of target 
signals.8 These noise sources for signal detection come to a minimum above 600 nm.3 
Other biological components are optically transparent from the visible to the near IR 
(NIR) but strongly absorb light in the infrared.   Accordingly, for in vivo imaging,  
fluorophores  that emit in the near infrared (NIR) window (600 – 1000 nm) are needed, as 
hemoglobin and water absorb minimally so as to allow photons to penetrate in tissue up 
to a few millimeters.9, 10 Appropriate fluorophores were developed intensively, but their 
availabilities are still limited. A good in vivo fluorophore requires not only proper 
excitation/emission wavelength and high quantum yield, but also depends on several 
parameters to define the effectiveness of imaging agents in vivo, such as probe targeting, 
activation, pharmacokinetics and biocompatibility.9 Among the NIR fluorophores, 
indocyanine green,11, 12 methylene blue,13 the polypentaemethine series,14-16 as well as 
newly developed semiconductor quantum dots17, 18 are frequently used.  
Besides developing better fluorophores to yield higher signal intensity, there are 
also techniques to avoid autofluorescence and increase the signal to noise ratio. Time-
gated imaging is one of them.19, 20 Fluorescence from target is collected before or after  
autofluorescence becomes dominant.21 Otherwise, a chromophore with long lifetime is 
used. After excitation, autofluorescence decays in a few nanoseconds and then emission 
from this chromophore is obtained.22, 23 Either ways avert the co-occurrence of target 
emission and autofluorescence. Recently, Dickson group reported a new technique to 
increase signal to noise ratio.24 Fluorescence of silver nanodots under primary excitation 
can be fluorescently enhanced under a secondary laser irradiation. However, most of the 
fluorophores show little such fluorescence enhancement. When the fluorescence of silver 
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nanodots is modulated at a certain frequency by the on/off of the secondary laser, a 
mixture of emission from both autofluorescence and silver nanodots is collected. Since 
only silver nanodots are modulatable, the signal from silver nanodots is recovered by 
demodulation to remove the high autofluorescence background, yielding much higher 
signal to noise ratio. This technique is potentially useful for further in vivo imaging 
application.   
The other dramatic trend for molecular imaging is single molecule imaging. 
Thanks to the development of imaging technology, fluorophores and imaging method, 
single molecule imaging has been improved from just imaging particles at low 
temperature25, 26 to room temperature,27, 28 and finally applied to the investigation of 
individual events in biology, such as enzyme activities, protein-DNA interactions, as well 
as bioactive particle trafficking.29-35 Contrary to ensemble measurements in which only 
average information of heterogenerous population is observed, single molecule imaging 
can real-time identify unique subpopulations and individual reaction intermediates with 
high spatial (nm) and temporal (ms) resolution, and obtain reaction rates, forces 
generated, stochastic fluctuations as well as enzyme conformations.36-42  
The key to successful single molecule imaging is to obtain adequate signal to 
noise ratio. Background photon noise, as part of the total noise, poses the fundamental 
limit to the S/N ratio. To decrease the background noise, smaller excitation and detection 
volume also improve signal to noise ratio.43 Near-field scanning optical microscopy 
(NSOM) which enables simultaneously topographic and single-molecule fluorescence 
imaging, has been applied on live cell membranes studies.44 In addition, total internal 
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reflection (TIR) excitation of fluorophore also decrease the excitation volume to avoid 
the unnecessary excitation of surrounding fluorophore.45, 46 
Nevertheless, a good fluorophore will benefit single molecule imaging. Some 
regular organic dyes are commonly applied to single molecule imaging, for instance, Cy3, 
Cy5, Cy 5.5, Cy7 from The cyanine family,47-52 tetramethylrhodamine, rhodamine 6G, 
Texas Red from The rhodamine family,26, 27, 53-57 and other commercial dyes from The 
Alexa® series.58, 59 Moreover, fluorescent proteins60-63 and semiconductor quantum dots64-
66 are also utilized as single molecule imaging fluorophores. 
As mentioned, the key to molecular and fluorescence imaging is qualified 
fluorophores. Besides a proper excitation and emission wavelength, high fluorescence 
quantum yield is essential. To obtain more detected photons from fluorophores in some 
conditions, e.g. extremely low fluorophore concentration in single molecule imaging, or 
dim light excitation in in vivo imaging, maximizing the photon emission rate also requires 
shorter fluorescence lifetime and higher molar extinction coefficient of the fluorophore so 
that even at weak light excitation, there are still a lot photons absorbed by the 
fluorophore.35 The ability to emit light at a certain circumstance is referred as brightness 
(Be), which is determined by the molar extinction coefficient (ε, M-1 cm-1) and the 
fluorescence quantum yield (ΦF) at certain excitation/emission wavelength: 
                                                      ε⋅Φ= FeB      
 At the single molecule level or any other level, the brightness can be modeled as 
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Where σ is the absorption cross section of the fluorophores in unit of cm2, and NA is 
Avogadro number.  
In the limit of low excitation intensity (Iex, in unit of photon cm-2 s-1), the photon 
emission rate (Iem, in unit of photon s-1 molecule-1) of a single fluorophore can be 
calculated from the product of its brightness and excitation intensity: 
                                              
A
Fexsexem N
IBII ε303.2⋅Φ⋅=⋅=  
     Obviously, higher fluorescence quantum yield and molar extinction coefficient 
will boost the brightness of the fluorophore. For a typical organic fluorophore, ∼6 × 104 
photons/s can be reached at a few hundred Watt cm-2 excitation.67 Even with a 5% 
detection efficiency, 300 photons/100 ms can be obtained, which is enough for efficient 
imaging. The brightness/photon emission rate is a key parameter of qualified 
fluorophores for single molecule imaging as well as in vivo imaging.  
  However, brightness of a fluorophore is not the only consideration in choosing a 
fluorophore for molecular imaging. It should be also chemically and photophysically 
stable during the imaging, which enables long time, reliable data acquisition.1, 68 However, 
photobleaching happens to most of organic fluorophores69-71 as well as fluorescent 






Scheme 1-1. Three-electronic-state diagram. kexc : excitation rate, krad : radiative rate constant, 
kIC : internal conversion rate constant, kISC : intersystem crossing rate constant, kISC’ : triplet 
depopulation rate constant. 
 
where kexc is the excitation rate, krad : radiation, kIC : internal conversion, kISC : 
intersystem crossing, kbleach : bleaching rate constant. ΦB indicates the probability of 
photobleaching per photon absorbed. It depends on the structure of fluorophores and the 
environments the fluorophores are in, but neither on the excitation intensity nor excitation 
mode in the limit of low excitation intensity.  For fluorescent proteins, it is around 10-5,72, 
76 whereas for organic fluorophores, it ranges from 10-7 to 10-4. 77-80 In other words, good 




The emission of organic dyes typically originates either from an optical transition 
delocalized over the whole chromophore (resonant dyes) or from intramolecular charge 
transfer transitions (CT dyes).82 Most common fluorophores, such as fluoresceins, 
rhodamines, most 4,4´-difluoro-4-bora-3a,4a-diaza-s-indacenes(BODIPY dyes) and most 
cyanines are resonant dyes with high molar absorption coefficients, and moderate-to-high 
fluorescence quantum yields and characteristic narrow absorption and emission bands at 
a small solvent polarity–insensitive Stokes shift. However, the CT dyes have large Stokes 
shift, high sensitivity to solvent polarity due to their charge-transfer appearance. 
Generally, they also exhibit lower quantum yield and lower molar extinction 
coefficient.83 Whereas, some near IR fluorophores are CT dyes per se, and typically have 
low fluorescence quantum yield. Since quantum yield, extinction coefficient, and 
photobleaching quantum yield are major criteria to select fluorophores, some dyes, such 
as cyanines, are chosen for in vivo and single molecule studies, especially in the near IR 
region. 47-52 
There are groups trying to improve fluorophore quality, especially on brightness 
and photostability. Willets et al. synthesized a series of fluorophores consisting of an 
amine donor and a dicyanodihydrofuran (DCDHF) acceptor linked by a conjugated unit 
to replace some fluorophores for single molecule imaging to achieve high extinction 
coefficient, high quantum yield, and photostability.84-86 It is also reported that 
polyfluorination of cyanine dyes can improve photostability and fluorescence 
properties.87 Otherwise, antioxidants were introduced to delay the photobleaching.88 
Semiconductor quantum dots show not only excellent photostability, but also very 
large molar extinction coefficients on the order of 0.5–5 × 106 M-1cm-1, resulting in 10 -
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100 fold increase in fluorescence brightness. 89-92 However, quantum dots have 
drawbacks as well, such as large size and potential toxicity. Our group developed a new 
class of fluorophore, water soluble fluorescent silver nanodots, showing excellent 
photophysics and reasonably small size. Before illustrating the advantages of the silver 







1-2. Major fluorophores in use 
There are a variety of emissive materials for cellular imaging. In addition to the 
most widely used fluorophores, organic dyes, metal-centered complexes are also used, 
such as d6 or d8 transition metal complexes, often based on Ru(II), Os(II), Re(I), Ir(III) 
and Pt(II), with metal-to-ligand-charge-transfer (MLCT) emission,93-95 as well as 
lanthanide(III) complexes (Sm, Eu, Tb, Dy, Yb) with characteristic sharp emissions from 
f-f electronic states transition.96-98 They usually have long luminescence lifetime (> μs), 
and their emission is sensitive to oxygen, suggesting their application only in bulk 
cellular staining, with high chromophore loading concentration.99-103 However, as 
mentioned above, organic fluorophores have small size (< 1 nm), the most variety of 
excitation/emission choices, short fluorescence lifetimes, high fluorescence quantum 
yields and reasonable molar extinction coefficients. They are widely commercially 
available, with countless applications, and still under improvement, which are 
represented by rhodamine family,104 cyanine family,105, 106 BODIPY dyes107 and Alexa 
series.108 
 Live cell imaging imposes challenges for the application of organic dyes. In some 
cases, a few copies of proteins need to be marked in live cells, which requires highly 
specific labeling in real time. However, it is rare for a general organic dye to react 
selectively with such particular proteins. The loading of organic dyes in bulk also leads to 
high background dye concentration and non-specific staining, resulting in strong 
fluorescence background. Fortunately, the discovery and utilization of fluorescent 
proteins in live cells solved this problem.109-112 A protein of interest can be genetically 
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encoded with a fluorescent protein tag. When the protein is expressed, the fluorescent 
protein tag will also be expressed simultaneously, and consequently the location of the 
protein of interest can be traced. Moreover, fluorescent proteins can also be expressed in 
a particular type of cell and the expressed cells are used for cell trafficking in in vivo 
system by their fluorescence.113, 114 Stemming from green fluorescent protein, several 
fluorescent proteins with varied emissions, functions and photostabilities have been 
developed.115-117 While fluorescent proteins yield excellent specificity in labeling, they 
exhibit similar photophysics as organic fluorophores, e.g. fluorescence quantum yields of 
more than 60% and photobleaching quantum yield of around 10-5.72, 76 When recognizing 
the contribution of fluorescent proteins to live cell imaging, we have also realized their 
limitations, i.e., the relatively large fluorescent protein size (more than 3 nm) which 
brings in possible steric hindrance to the protein of interest and, more or less fewer 
choices of emission wavelength than commercial organic dyes. 
Inspired by genetically encoded tags, some small size protein/peptides were 
developed, which show highly specific binding or reaction to a certain substrate specially 
modified with an organic fluorophore with or without the help of an enzyme. The 
protein/peptide genetically tagged to the protein of interest is also expressed 
simultaneously together with this protein of interest. The organic fluorophore is then 
reacting with the protein/peptide and the protein of interest gets fluorescently labeled.118, 
119 There are several systems following this protocol, including the biarsenical dyes such 
as FIAsH or ReAsH bind to the tetracysteine tag,120 Ni ions bind to the hexahistidine 
tag,121 and O6-alkylguanine–DNA alkyltransferase that self-catalyzes the reaction 
between itself and enzymatic substrate derivatives.122 The Ting group developed 
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exogenous enzymes, such as lipoic acid or biotin ligase, to link fluorophore modified 
lipoic acid or biotin to a small specific protein.123-125 Other than fluorophore modified 
substrate, Nolan screened a 38 amino acid peptide that binds with a Kd of 25 pM to Texas 
red fluorophore.126 These protocols take advantage of both wide variety of organic 
fluorophores and the highly specific labeling powered with genetic encoding. However, 
there are still limits on the intracellular availability of organic fluorophore modified 
substrate in living cells, restricting the wide applications.  
No matter organic fluorophores or fluorescent proteins, they suffer from low 
brightness and photobleaching. On the contrary, quantum dots have complementary 
properties, with excellent photostability and 10 to 100-fold increase in fluorescence 
brightness due to very large molar extinction coefficients while maintaining high 
fluorescence quantum yields. These advantages attract numerous applications in cellular 
imaging, single molecule imaging as well as in vivo imaging.83, 92, 127-133 However, the 
stability and photophysics of quantum dots highly depend on their surface protection 
which increases the quantum dot nanoparticle diameter, mostly more than 25 nm. The 
large size of such heavily protected nanocrystalline appendages further sterically hinders 
the target of interest, and they can aggregate because of non-optimal surface chemistry. 
Moreover, several biomolecules are typically attached to a single QD, leading to 
difficulty to control biomolecule orientation. The size also makes the dots cell-
membrane-non-permeant.83 Therefore, quantum dots are more or less good for cell 
surface staining,134 otherwise, they have to be delivered into cells physically by 
microinjection,135 electroporation,136 or by conjugating to cell penetrating peptide and 
passing through cell membrane via endocytosis.137 Concerns over their potential toxicity 
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in in vivo application are increasing, likely due to the release of toxic heavy metal 
building up the nanocrystalline, such as free cadmium.  It is reported that CdS quantum 
dots degrade upon illumination,138 oxidation,139, 140 or in the presence of hypochlorous 




1-3.  Improved gold nanodot emission 
Tremendous applications of gold have been published.142 Although it is much 
easier to find gold nanoparticles in the literature, emissive gold nanodots were reported at 
times. Similar to silver, defined gold nanodots, as referred as gold clusters then, were first 
prepared in rare-gas matrices.143-147. Au2 in Ar matrices exhibits emissions at 286, 325, 
and 757 nm, with absorption at UV region. Whereas compared to Au2, Au3 in Ar matrices 
displays red-shifted emission at 529, 579, and 809 nm.145 Emissive gold nanodots stable 
in ambient environments were synthesized later, mostly with the protection of thiol-rich 
derivatives, such as gluthathione (Au28),148  meso-2,3-dimercaptosuccinic acid,149 
alkanethiol150, 151 or phenylethylthiolate152. Blue emission was reported with high 
quantum yields under the protection of dendrimer.153-155 However, most of the emissions 
locate in red to near-IR region, with less than 3% quantum yields, depending on the 
nanodot size and the protection ligand.149, 150, 152, 156-158 Recently, gold nanodots with 
higher emission quantum yields (>7%) were prepared under the protection of proteins159 
or carbohydrates.160 The lifetime of such nanodots depends on scaffolds as well. For 
example, dendrimer protected gold nanodots exhibit nanosecond-scale lifetime, however, 
some monolayer-protected gold nanodots show microsecond-scale lifetime. 
Though great improvement of their photophysical properties, gold nanodots are 
not yet as  useful biological tools as gold nanoparticles. It is not clear that such properties 
are intrinsic and could not be better, or just because the better condition is not discovered 




1-4. Silver nanodots emerging as promising fluorophores 
It has been long ago found that bulk noble metal could be photoluminescent, but 
with very low luminescence quantum yield.161 Fluorescent silver nanodots or silver 
clusters, as biological labels became applicable only after the synthesis of water-soluble, 
stable silver nanodots under the protection of dendrimer.162 Many silver nanodots have 
been created in various scaffolds; the single stranded DNA (ssDNA) scaffold results in so 
far the best photophysical properties of silver nanodots with accessible tunability.21, 163-173 
They present spectrally pure emissions ranging from blue to near IR, showing up to 40% 
fluorescent quantum yields, mostly more than 120,000 M-1 cm-1 molar extinction 
coefficient, and small size (~ 2 nm) which largely results from the protection groups.  In 
polyvinyl alcohol film, single silver nanodots display excellent photostability, > 60-fold 
more stable than general organic dyes.167  
Moreover, they have single-component, nanosecond fluorescence lifetimes that 
are shorter than those of larger multiexponentially decaying semiconductor quantum 
dots.83 Another advantage of silver nanodots is that they exhibit two photon absorption 
cross sections comparable to that of quantum dots, as large as 50,000 GM (Goppert-
Mayer units, 10-50 cm4 photon s-1) while maintaining nearly an order of magnitude 
smaller hydrodynamic diameter.174 In addition, the ssDNA or peptide scaffolds also 
afford mono-covalent link point to other bioactive target, resulting in more accurate 
conjugation and decreasing cross-linking and non-specific staining. All these excellent 
photophysical properties suggest that silver nanodots may be strong alternatives to 
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current fluorophores, combining merits of the outstanding photophysics from 
semiconductor quantum dots and reasonably small size of organic dyes.  
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1-5. A brief history of silver nanodots 
Prior to creating bright, stable, water-soluble fluorescent silver nanodots, several 
emissive species made from silver or gold had been investigated. One such class of 
species is ligand-protected Ag(I) complexes. Reaction between silver 
bis(triphenylphosphine) nitrate with thiourea derivatives  yields Ag(I) luminescent 
complexes, with blue emission only at low temperature (10 K).175 However, 
luminescence of Ag(I) in silver-doped NaY(PO3)4 crystal is much stable, exhibiting 
similar but detectible emission at room temperature.176 Another well-studied field is 
complexes of Ag(I),177-179 Ag(I)/Cu(I),180 Ag(I)/Au(I),181 Ag(I)/Sb(V)182 or 
Ag(I)/Re(VII)183 in which more than one Ag(I) ion or a combination of the above metal 
ions form weak metal-metal bonds, and the silver in these complexes are called clusters. 
The number of silver(I) atoms in such silver clusters varies from 2 to 6, and most of them 
are prepared in organic solvents with emissions ranging from violet to near-IR, and 
exhibit sub-microsecond to sub-millisecond luminescence lifetimes.177, 178, 180, 181, 184-192 
Besides Ag(I) clusters, Ag0 clusters have also been produced on or within solid 
supports. Since reduced silver are quite vulnerable in ambient environment, with 
reduction potential decreasing from 0.799 V of the conventional silver electrode to -1.8 V 
of free silver atom,193 it is important to apply an inert environment, or a protection group 
to stabilize the clusters. For example, silver clusters are generated in famous silver halide 
microcrystals used for photography. A few photons absorbed by these microcrystals 
create silver clusters from which green and red emission can be observed at low 
temperatures.194, 195  Graphite has also been used as substrate for production of silver 
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clusters.196 Moreover, atomic silver clusters reduced from silver oxide thin films to by 
UV light or femtosecond-laser irradiation have been also identified as the origin of strong 
luminescence observed.197-199 Some silver salt clusters adsorbed on zeolite surface, for 
example, AgI on zeolite-Y200, 201 or Ag2S on zeolite-A,202-204  can be also luminescent.203-
206 some groups ascribe the emission to Ag0,200, 201 while some still consider the emission 
is from silver salt clusters with long luminescence lifetime of microsends to 
miliseconds.202-204 
Nano-sized metal particle, especially from silver and gold has drawn much more 
attentions.207-211 Among the classified three size domains of these particles, i.e. large 
nanoparticles, small nanoparticles, and clusters (nanodots),153 clusters were studied to 
understand the dependence of electronic, magnetic, structural, bonding, and reactivity 
properties on particle size bridging between isolated metal atoms and the bulk metals.212, 
213 Active metal clusters can be stabilized in rare-gas matrices by cryogenic matrix 
trapping techniques by which gaseous atomic or molecular species condense together 
with a large excess of an inert gas matrix on a suitable substrate at cryogenic 
temperatures.214 Encapsulation by a rare-gas shell is essential to generate stable metal 
clusters with these methods.215 Tremendous efforts have been applied to spectroscopic 
investigation of noble metal clusters in such rare-gas matrices, particularly silver144, 145, 212, 
213, 215-236 and gold clusters143-147. It affords data from ligand-free metal clusters to explore 
intrinsic chemical and physical properties of a few atom clusters. Silver clusters have also 
been generated in other rigid matrices, such as glass. Silver ion-doped glass is irradiated 
with light and silver clusters are then formed.237 Similarly, the silver clusters exhibit UV 
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absorption. On the other hand, their emission is quite broad, spanning the whole visible 
region.238  
The difference in the emission bands indicates that environments of the clusters 
are important. The rare-gas wrapped clusters only reflect the“true” properties of ligand-
free silver clusters. However, for more complicated system, the proper building unit of 
clusters is the cluster plus surrounding interface region. Silver clusters should be 
produced in solutions and this is fulfilled by γ-radiolysis of silver ions.239 Henglein and 
coworkers were the first to find that long-lived (for minutes and hours) intermediate 
clusters were formed in the γ-irradiation of AgClO4 solutions containing polyphosphates 
at the early steps of the reduction process. These clusters included a few silver atoms and 
were the precursors of the colloidal metal.227, 240 Water241, 242 and other organic solvents, 
such as methanol,243 ethanol,244 2-propanol,239 supercritical ethane,245 are applied as 
media. As expected, the lifetimes of such active species in ambient environments are 
quite short, just a few seconds to a few minutes due to lack of proper protection.241 The 
polyanions, such as polyphosphate,246 poly(acrylic acid),247 polyacrylate,248-250 are then 
added into the aqueous silver ion solution to prevent the cluster agglomeration due to the 
repulsion between the polymer chains, and the lifetimes are extended to hours or even 
weeks at room temperature.246 





1-6. Current synthesis methods 
Fluorescent silver nanodots generated in rare-gas, graphite, glass or zeolite are of 
interest to study the basic properties of metal clusters, to develop photoresponsive 
materials and catalytic materials,206 but it is not likely to be applied to molecular staining 
since the lack of good compatibility. Moreover, an ideal fluorophore for such staining 
should be chemically and photophysically stable, bright, sterically invisible, less-toxic 
and manipulatable to conjugate to targets. As mentioned previously, it is easy to create 
silver nanodots by reduction or photoactivation, but to keep these vulnerable nanodots 
stable in ambient environments, a “strong” protection group is indispensable, not only to 
prevent these nanodots from agglomeration, but also to afford a platform for the 
formation of silver nanodots. Silver ions are bound to the protection group, followed by 
reduction. The reduced silver atoms merge to form silver nanodots.246 The Dickson group 
for the first time prepared stable, water soluble, fluorescent silver nanodots with 
dendrimer protection.162 Thereafter, numerous efforts have been attracted in this field. 
Currently, there are mainly a few scaffolds to prepare silver nanodots.  
 
A. Dendrimer protected silver nanodots 
Dendrimers are repeatedly branched large molecules. The specific construction of 
dendrimer, particularly poly(amidoamine) (PAMAM), presenting roughly spherical space 
with amino groups indenting inside the whole molecule, offers excellent capability to 
protect metal ions as well as nanoparticles.251, 252 In the first generation of stable, water 
soluble, fluorescent silver nanodots, fourth- and second-generation OH-terminated 
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PAMAM and silver ions at were mixed a 1:2 molar ratio and irradiated with blue light 
from a band-pass-filtered mercury lamp through a standard epifluorescence microscope. 
Stable silver nanodots were observed with emission maxima at 533, 553, 589, 611, and 
648 nm. These clusters are bright and photostable. Even with weak mercury lamp 
excitation (30 W/cm2), they are readily observed at the single molecule level.162 
Other dendrimers, for example, amine-terminated, ethylenediamine core 
generation 5 poly(amidoamine) dendrimer (PAMAM_E5.NH2) and its succinamic acid 
(PAMAM_E5.NSAH) and glycidol derivatives (PAMAM_E5.NGly), are also used to 
protect silver nanodots.165  A dendrimer:silver ion molar ratio of 1:25 was used and, 
similarly, reduced silver atoms were created with UV light photoactivation, as referred by 
the authors as [(Ag0)25-PAMAM_E5.NH2] nanocomposites, which display blue emission 
in the range of 400-500 nm. 
 
B. Polyelectrolyte protected silver nanodots 
Similar to dendrimers, polymers have also been applied for the protection of 
reduced metal, but mostly result in nanoparticle formation when reducing agent is 
used.253-257 However, when silver ions are photoactivated, silver nanoparticle remains 
small, and in some cases, silver nanodots are formed, likely due to the strong protection 
of polymer and slow reaction rate (lower local concentration of reduced silver atoms). In 




Sodium polyacrylate was used by Ershov et al. to protect silver clusters generated 
by exposure to a pulse of high-energy radiation. Though absorption from silver clusters 
(Ag2+) was observed, emission from these clusters was not reported.249, 250 Treguer et 
al.258 observed silver nanodot emission adsorbed on colloidal silver nanoparticles 
stabilized with polyacrylate, while it might be difficult to assign where the emission came 
from. Zhang et al.259 synthesized poly(N-isopropylacrylamide-acrylic acid-2-
hydroxyethyl acrylate) (poly(NIPAM-AA-HEA)) microgel particles. After mixing the 
microgel dispersion and silver ions at a molar ratio [Ag+]:[COOH] of 1:1 for 30 min, 
mixture was subjected to UV-irradiation. Fluorescent silver nanodots were then created 
with an emission maximum of 610 nm. In this report, longer irradiation led to the final 
generation of non-emissive, large size nanoparticles. 
Quite similar to the above hydrogel particles, polyglycerol-block-poly(acrylic acid) 
(PG-b- PAA) copolymers were recently prepared and silver nanodots were created by 
keeping molar ratio of acrylic acid groups to Ag+ ions at 2:1.170 The emission from these 
silver nanodots displays a broad peak spanning the wavelength range of 450–750 nm, 
while centered at about 590 nm. Analogs of poly(acrylic acid), such as poly(methacrylic 
acid) with a smaller molecular weight of 10kDa, were also utilized as silver nanodot 
protection groups.163, 169, 260 
Both polyelectrolyte protection and photoactivation are not prerequisites to 
generate stable fluorescent silver nanodots. Poly(styrene sulfonate) (PSS) was used as 
protection group and mixed with silver ions. However, only silver nanoparticles were 
produced even though UV/Vis irradiation was used as the reduction method.261 
Interestingly, when silver ion forms complexes with 3-(2-
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aminoethylamino)propyltrimethoxy silane before it is added into poly(acrylic acid) 
solution, fluorescent silver nanodots can be created by chemical reduction of a mixture of 
poly(acrylic acid) and the silver-silane complexes.172 The chelation of amino silane might 
prevent fast nucleation of reduced silver atoms. Silver nanodots in such polyelectrolyte 
protection exhibit mainly red emission, with a few percent fluorescence quantum yield. 
 
C. Peptide/protein protected silver nanodots 
Silver ions have long been used for cellular staining to reveal nucleoli in which 
silver ions bind to some argyrophilic proteins in these nucleoli, such as nucleolin.262-264 
Yu et al. incubated silver ions with formaldehyde-fixed cells and fluorescent silver 
nanodots were generated in nucleoli.  Inspired by the strong binding ability of nucleolin 
to silver ions, they also created short peptides based on nucleolin to protected silver 
nanodots.21 These peptides are less than 18 amino acids long, with a molecular weight of 
< 2.5 kDa – much smaller than quantum dots. However, similar to polyelectrolyte-
protected silver nanodots, their fluorescence quantum yields are low, about 3% with red 
emission. 
Another protein, bovine pancreatic R-chymotrypsin, was also utilized for 
protection of silver nanodots.265 The size of nanodots as observed with high resolution 
TEM (HRTEM) was about 1 nm, larger than the reported less than 10 silver atoms in 
fluorescent silver nanodots. However, it is hard to verify the emission was derived from 
such silver nanoparticles or from some small, invisible clusters.  
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However, when a smaller peptide is applied as protection group, other extra 
procedures have to be performed to obtain stable silver nanodots. Thiol-rich peptide, 
glutathione, has strong affinity to silver ion. It has also been used as a protection group.266 
The nanodots were prepared by repeated reduction of glutathione/Ag+ mixture in 
oxidative conditions. However, the quantum yield was not reported, but indicated that, 
interestingly,  red emission was produced as well. It is not clear why the red emission was 
created with peptide protection. 
 
D. Oligomer ssDNA protected silver nanodots 
ssDNA was for the first time applied for silver  nanodots synthesis by Petty et al. 
in our group.166 With single stranded 5´-AGGTCGCCGCCC-3´ as a template, a mixture 
of several emitters was prepared with red-centered emissions. The creation of silver 
nanodots in a ssDNA scaffold is both nucleotide- and time-dependent. This phenomenon 
was more recently also reported by Gwinn et al.173 Hairpins with C or G bases as loop 
bases created about 10-fold higher emission compared to that of A as loop bases. 
Interestingly, the hairpin with T as loop bases could not produce any emissive species. In 
this report, they also found that, both with C as protection group, single strand oligo C 
produces brighter silver nanodots emission than C bases in hairpin loop.  The number of 
C bases in the hairpin loop also influences the yield of fluorescence intensity from silver 
nanodots.267 The concentration of ssDNA is another factor to influence the generation of 
silver nanodots. Higher ssDNA concentration favors a red-emitting species.268 However, 
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in the above cases, multi-emitters with emissions in blue, green, red region, as a mixture 
in the DNA-Ag solutions, are generated. 
The synthesis of silver nanodots was greatly improved when DNA microarrays 
were used to screen ssDNA sequence being able to protect silver nanodots.167 Based on 
this technique, a few sequences were selected and for the first time too, the spectrally 
pure silver nanodots were reported, with emissions ranging from blue to near IR. These 
emitters possess up to 40% fluorescent quantum yields, high molar extinction coefficient, 
and less than 3 nm hydrodynamic radius. The photostability of one of the red emitters 
was 60-fold better, compared to Cy3 in polyvinyl alcohol film. The two-photon 
absorption features of these pure emitters were then investigated.174 All of the three 
emitters studied show more than 30,000 GM two photon absorption cross section; 
especially a 710 emitter with 5′-CCCTAACTCCCC-3′ protection reaches 50,000 GM, 








1-7. Major challenges for noble metal nanodot applications 
Noble metals have been successfully shifted from nanoparticles to nanodots, and 
consequently quantum confinement results in molecular characteristics. Though gold 
nanodots are still waiting for intense investigation, the dramatic improvement on 
photophysical properties of silver nanodots promotes such emitters as excellent 
candidates for cellular staining, particularly, single molecule imaging and in vivo imaging, 
thanks to their high extinction coefficient, high quantum yield and outstanding 
photostability. It has been demonstrated that silver nanodots display these photophysical 
properties in fixed cell staining, e.g. better brightness and photostability than general 
organic dyes.172 When it comes to live cell imaging, we have to circumvent the oxidative 
stability of Ag clusters, coupled with the low solubility of silver salts (e.g. Ksp of AgCl is 
1.8 x 10−10). Bare silver ions cannot survive in physiological conditions in which the 
chloride concentration reaches up to 100 mM.269 Not only chloride, other biocompoments 
may also bind to silver strongly.264, 270 With strong protection group, such as peptides, 
silver nanodots are still stable in such media.21 However, the ssDNA-protected silver 
nanodots were less chemically stable than were the peptide-protected eithers. We 
urgently need to understand the interactions that facilitate stability and prepare 
chemically stable silver nanodots in physiological conditions, but still retain their 
excellent photophysical properties before further biological application for live cell 
imaging.  
Moreover, the synthesis experience in our lab indicates that the chemical yields of 
silver nanodots in ssDNA scaffold are quite low, less than 1%, which means majority of 
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the ssDNA is left non-fluorescent, even though they bind silver ions. This is not only a 
waste of starting materials, but also leads to presence of a large amount of non-
fluorescent ssDNA-silver complexes (fluorophore-inactive) which will in turn compete 
with the fluorophore-active ssDNA-silver nanodots to bind to targeting groups, and 
significantly decrease the labeling efficacy and increase non-specific staining. Therefore, 
we should also find the key factors which control the synthesis efficiency, and 
consequently increase the chemical synthesis yield of silver nanodots. 
In this thesis, I am going to discuss the strategies to prepare highly concentrated, 
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 CHAPTER II 
 
Engineering ssDNA to produce Ag nanodots  
 
This Chapter describes the design of single stranded DNA (ssDNA) hairpins 
to encapsulate silver nanodots. The chemical and fluorescence quantum yield of 
silver nanodots are improved by four-fold and two-fold, respectively, compared to 
12mer polycytosine-protected silver nanodots. The existence of such a hairpin design 
was confirmed by Förster resonance energy transfer (FRET), pH variation, and 
nanodot synthesis using mismatched stem pairs. Moreover, studies of photostability 
and brightness per molecule indicate that silver nanodots are more than 4-fold 
brighter and 15-fold more photostable, compared to the commercially available 
organic dyes tested. 
 
2-1. Introduction 
Recently, silver nanoclusters fluorophores have shown great promise due to 
their excellent photophysical properties and reasonably small size.1, 2 Our lab 
developed the first methods to produce silver nanodots under the protection of 
ssDNA, with initial attempts relying heavily on poly cytosine scaffolds.3 Initial 
studies were focused on synthesis of nanodots with bright fluorescence and good 
overall photophysical properties.3, 4 However, the fluorescence from poly cytosine 
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based Ag nanodots has multiple peaks ranging from blue to near infrared, and these 
multiple peaks may interfere with other fluorophores when used for imaging..3, 5-8 
Thus, cellular imaging applications of these initial materials may be complicated by 
cross-talk among varied fluorescence signals. Although we, very recently, 
successfully produced spectrally pure Ag nanodots with fluorescence quantum yields 
of up to 40% and extinction coefficients exceeding 2 × 105 M-1cm-1by optimizing 
ssDNA sequences via DNA microarrays,9 their poor chemical stability in 
biologically relevant media such as PBS and cell culture medium indicates that they 
are not yet ideal for biological applications. Meanwhile, the Fygenson group 
introduced DNA hairpin concept to produce Ag nanodots, but no improvement on 
species purity and photophysical properties were obtained.7, 8  
Herein, we modified ssDNA in a hairpin structure to efficiently encapsulate 
Ag nanodots. The hairpin structure may form a rigid platform to stabilize silver 
nanodots. Based on previous reports,3, 7 relatively high fluorescence intensity from 
Ag nanodots was produced when cytosine was highly abundant in the encapsulating 
ssDNA scaffold. Therefore, by keeping the loop base as cytosine and adjusting the 
loop base length and stem base pair, we generated a broad range of highly bright 
emitters with spectral purity as well as excellent photophysical properties.  
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2-2. Experimental section 
Materials 
All oligonucleotides were purchased from Integrated DNA Technologies 
(Coralville, IA) and purified with standard desalting by the manufacturer except for 
those tagged with a specific dye or a functional group which were purified with 
HPLC by the company. Basic chemical reagents were purchased from Sigma-
Aldrich. Silver nitrate with 99.9999% purity and sodium borohydride with 98% 
purity were used. All syntheses were performed in deionized water (18 MΩ from 
Barnstead Thermolyne E-Pure system).  
Synthesis 
The designed oligonucleotide was first dissolved in deionized water to 
prepare a stock solution. Generally, silver nanodots were produced in sodium 
phosphate buffer, but cell culture medium, phosphate buffered saline (PBS), or 10% 
serum was also used instead of phosphate buffer. All DNA-encapsulated Ag 
nanodots were prepared by mixing 53 μM of designed oligonucleotide with AgNO3 
at 1.33 ~ 2 : 1 ratio of loop base : silver. This mixture was kept in the dark at room 
temperature overnight, followed by reduction with one equivalent of aqueous NaBH4 
solution (versus silver) with vigorous stirring. Then, the solution was stored at 4oC 
overnight for stability. The resulting solutions show very bright emission under 365 




Bulk photophysical characterization 
Measuring fluorescence and absorption are a basic but essential steps to 
characterize Ag nanodots’ photophysical properties. A Photon Technology 
International (PTI) Quanta Master 40 fluorometer was used for fluorescence 
measurement with a Xenon arc lamp as an excitation source and a photomultiplier 
tube sensitive out to 900 nm as a detector. A Shimadzu UV 2401 PC 
spectrophotometer was used for absorption measurements. All samples were 
transferred to either a quartz or glass cuvette for collecting data. Fluorescence 
lifetime measurements were performed with an Edinburgh Instruments Lifespec-ps 
system with a Hamamatsu multi-channel plate photomultiplier tube detector. 
Picoquant laser diode heads were used for lifetime measurement as excitation 
sources controlled by either a PDL 800-B or Sepia II laser driver system.    
Fluorescence microscopy 
All fluorescence samples used in microscope experiments were performed on 
Olympus IX-70 or IX-71 microscopes and followed the standard setup; light from 
excitation source by a laser or a Hg lamp was reflected by dichroic mirror into 
objective and excited the sample. The emission then passed through the objective 
and then the dichroic mirror to reach photon detection system, such as a CCD camera 
(MicroMax, Princeton Instruments). A water immersion objective (60×, NA 1.20) 
was used for aqueous samples, but an oil immersion objective (60×, NA 1.45) was 
used for immobilized samples including films. All samples for microscopy were 
prepared on 22.5 mm × 22.5 mm glass cover slips with a thickness of 0.15  ± 0.02 
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mm (Fisher, Fisherfinest). Before using the glass cover slips, they were cleaned with 
a three step process. First, glass cover slips were immersed in 0.1 M NaOH solution 
and sonicated for one hour. The cover slips were rinsed with deionized water 3 times 
and then sonicated in deionized water again for one hour. After being washed with 
acetone 3 times, they were sonicated in acetone for one hour, and then quickly dried 
in flowing nitrogen gas. Finally, the glass cover slips were further dried in a vacuum 
oven overnight.  
Fluorescence correlation spectroscopy 
Fluorescence correlation spectroscopy (FCS) is a typical technique to 
characterize the dynamics of fluorescent materials in solution, for example, diffusion 
constants and hydrodynamic radii.10 The FCS setup is quite similar to the typical 
microscopy set up as described earlier. A laser beam is used and focused into a very 
dilute solution having the fluorophore of interest such that the fluorescence 
fluctuations of emitted photons which diffuse in and out of the laser focus are 
collected and recorded. The detection volume of about 10-15 L (1 femtoliter) is 
defined by the tightly focused laser beam and only emission from a small fixed focal 
volume is detected using a pinhole to reject out of focus emission. The diffusion of 
molecules through the focal volume of the laser generates a decay in the 







tFtFG τδδτ  
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Where  δF(t) is the deviation from the temporal average, in δF(t) = F(t) − <F(t)> . 
For a fluorescent molecule diffusing through a 3-dimensional Gaussian-shaped laser 




























































in which n is the average number of molecules in the focal volume, τD is the 
diffusion time, ω0 is the waist size defined by the boundary where the Gaussian 
excitation profile decays to 1/e2 in the x and y directions, and ωz is the distance in the 
z direction. At τ = 0 the autocorrelation becomes G(t)= 1 + 1/n, thus the amplitude of 
the autocorrelation at zero lag time is the inverse of the number of molecules. The 
diffusion constant D can be determined by the relationship τD =  ω02/4D. 
The focal volume can be determined by measuring the highly diluted 
standard dye. The effective volume can then be calculated from the known diluted 
concentration and the average number of molecules in the solution. The local 
concentration of a diluted fluorophore sample is calculated based on the focal 
volume and the average number of molecules in this focal volume, and then the 
sample concentration can be known according to the dilution number. The extinction 
coefficient (ε) is calculated based on Beer’s law (A=εlc), where A is the absorbance 




2-3. Results and discussion 
Hairpin scaffold does show better efficiency in creation of silver nanodots 
compared to simple polycytosine. 5´-CGCGCCCCCCCCCCCCCGCG-3´ 
(CGCGC12) was investigated first, in which the flanking CGCG parts form a hairpin 
stem, and the 12 cytosine bases configure the loop section. Figure 2-1 shows the 
comparison of emission intensity of silver nanodots produced in the presence of 
either a regular ssDNA (5´-CCCCCCCCCCCC-3´; C12) or a hairpin structure 
(CGCGC12). To check the chemical yield of silver nanodots, the DNA concentration 
in each solution is kept at 53 μM and Ag+ at 318 μM.   The nanodots protected with 
CGCGC12 exhibit a single emission band at 615 nm and its emission intensity is 8-
fold higher than that with a simple polycytosine single strand 12mer DNA. By FCS 
measurement, the final concentration of silver nanodots is determined to be 800 nM, 
about 4-fold higher than that of C12 silver nanodots. The fluorescence quantum yield 
also shows a two-fold improvement over C12 silver nanodots. Similarly, by 
changing the hairpin structure, several spectrally-pure emitters were also generated, 
such as 5´-GGGGCCCCCCCCCCCC-3´ (GGGGC8) yielding 670 nm emission. The 
stem part of the hairpin sequence actually influences the emitter’s properties. For 
instance, when the stem part of CGCGC12 is changed to CGAA (5´-
CGAACCCCCCCCCCCCTTCG-3´, CGAAC12), the emission of silver nanodots 
shifts to 590 nm. Interestingly, the replacement of the stem part with AATT results 
in 635 nm emission. However, this emission gradually shifts to 562 nm (5´-
AATTCCCCCCCCCCCCAATT-3´, AATTC12). Another sequence, 5´-
ATATCCCCCCCCCCCCATAT-3´ (ATATC12) also shows a similar trend, shifting 
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from 635 nm to 560 nm shown in Figure 2-2A. Moreover, by changing the cytosine 
loop length, different emitters can be produced as well. Figure 2-2B shows the 
emission and absorption spectra of 5´-ATATCCCCCCCCATAT-3´ (ATATC8), four 
bases shorter in the loop part compared to ATAT12, forming a stable 635 nm emitter. 
These differences suggest that shorter loop may actually configure a tighter envelope 
around silver nanodots, and consequently the resulting silver nanodots are more 
stable. All nanodots within a hairpin structure show much higher emission than that 
in a non-hairpin ssDNA. The normalized emission spectra of Ag nanodots produced 
in different designed DNA sequences are shown in Figure 2-2. It seems that most of 
the polycytosine derivatives lead to the formation of red emitter at the very 
beginning. However, a weak hairpin could not maintain the silver nanodot structure, 
resulting in spectral shift. It is not clear from which factors such shifts are derived: 
the change in oxidation state of silver, the coordination structure of silver-DNA 
complexes, or the number silver atoms in the nanodots. 
Those hairpins with a CGCG stem create more stable emission, i.e. their 
emission peak will not drift once emission is observed. It is possible that a longer 
loop with more binding sites may easily enclose more Ag ions and consequently has 
higher probability to form Ag nanodots after reduction. However, it is not the longer 
the loop, the more intense the emission. Each particular emitter needs to be 
optimized by adjusting the length of cytosine to produce higher emission intensity. 
For example, all of 5´-CGCGCxCGCG-3´ (CGCGCx; x = 8, 12, 15) sequence are 





Figure 2-1. Emission intensity and absorption comparison of Ag nanodots between 
protection sequence with a hairpin structure (blue, CGCGC12: 5´-CGCGCCCC 
CCCCCCCCCGCG-3´) and that with a simple polycytosine structure (black, C12: 5´-
CCCCCCCCCCCC-3´). In the emission figure, the curves on the left are excitation spectra 
and on the right are emission spectra. For emission spectrum, the emitter was excited at 560 
nm, and excitation spectrum was monitored at 615 nm. C12 (ε = 195,000 M-1cm-1, Φ= 










Figure 2-2. Emission and absorption spectra of Ag nanodots after reduction. A. Ag NDs 
protected by ATATC12 sequence (5´-ATATCCCCCCCCCCCCATAT-3´) and B. Ag NDs 
protected by ATATC8 sequence (5´-ATATCCCCCCCCATAT-3´). Full emission spectra 
were scanned at the first day (left) and the 12th day (middle) after reduction, and absorption 
spectra (right) were checked at the first day (black) and the 12th day (red) after reduction. All 









Figure 2-3. Normalized emission spectra of various emitters, from left to right: 562 nm 
emitter (AATTC12, 5´-AATTCCCCCCCCCCCCAATT-3´), 590 nm emitter (CGAAC12, 
5´-CGAACCCCCCCCCCCCCGAA-3´), 615 nm emitter (CGCGC12, 5´-CGCGCCCCCC 
CCCCCCCGCG-3´), 635 nm emitter (ATATC8, 5´-ATAT CCCCCCCCATAT-3´), 670 nm 
emitter (GGGGC8, 5´-GGGGCCCCCCCCCCCC-3´). (Inset) different color Ag emitters: 















Figure 2-4. Emission and absorption spectra of Ag nanodots created in modifying different 
loop length of CGCGC12 sequence: CGCGC8 (5´-CGCGCCCCCCCCCGCG-3´, red), 
CGCGC12 (5´-CGCGCCCCCCCCCCCCCGCG-3´, blue), CGCGC15 (5´-CGCGCCCC 
CCCCCCCCCCCCGCG-3´, green). In the emission figure, the curves on the left are 
excitation spectra and on the right are emission spectra. For emission spectrum, the emitter 





exhibits the highest emission intensity, as shown in Figure 2-3. The calculated melting 
temperatures of these hairpins have little difference, with CGCGC8 having the 
highest of 59oC, CGCGC15 the lowest of 54oC and 57oC for CGCGC12. The 
nanodot creation yield might be a balance between the binding efficiency of silver to 
DNA base and the capability of DNA to stabilize the silver nanodots. The CGCGC8 
has a tighter stem and therefore silver ions might not be easy to coordinate into the 
loop. Contrarily, the loop of CGCGC15 is not fastened, and silver nanodots could 
not be stabilized well. Since denaturation of hairpin before being mixed with silver 
ions does not increase the nanodot creation efficiency, the binding of silver to DNA 
might be always at their thermal equilibrium, which is partially in line with that 
report that silver ions could stabilize C-C base pair by forming C-Ag-C coordination 
due to their strong affinity.14 In order to probe the degree of hairpin formation, 
Förster resonance energy transfer (FRET) was used. In general, some of energy 
initiated from excitation at a certain wavelength in a donor molecule may be 
transferred to an acceptor molecule, resulting in excited acceptor. This process 
depends on the spectral match between the emission of donor and the absorption of 
acceptor, the conformation of the FRET pair and, strongly on the distance between 
the donor and acceptor (Efret ∝1/r6, where Efret is the energy transfer efficiency, and r 
is the distance between donor and acceptor)15, 16.  
In the absence of silver, we used Cy3 and Cy5 pair to check the FRET 
efficiency, which are attached to the 5´ and 3´ ends of the hairpin DNA sequence, 
respectively. Cy3 has emission near 570 nm when excited at 550 nm and Cy5 near 
670 nm when excited at 650 nm. Thus, the emission ratio between Cy5 and Cy3 was 
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monitored while the Cy3/Cy5 pair was excited at 550 nm in varied temperature. In 
this case, FRET efficiency depends on the transition melting temperature (Tm) of a 
hairpin structure. The FRET efficiency will be high when the temperature is much 
below Tm and get lower when the temperature is increased gradually above Tm. 
There are two possibilities for designed DNA sequence to interact with each other 
(scheme 2-1.); one is from intermolecular interaction (the 5´ edge part from one of 
the ssDNA molecule may bind to the 3´ edge part of another molecule which are 
complementary to each other), and the other from intramolecular interaction (hairpin 
structure). Therefore, we modified DNA with Cy3 and Cy5, respectively: 5´-Cy5-
AATTCCCCCCCCCCCCAATT-3´ (sequence 1) and 5´-AATTCCCCCCCCCCCC 
AATT-Cy3-3´ (sequence 2) and 5´-Cy5-AATTCCCCCCCCCCCCAATT-Cy3-3´ 
(sequence 3). If it is intermolecular interaction, we would be able to observe FRET 
between sequence 1 and sequence 2. Otherwise, FRET in sequence 3 would suggest 
the formation of hairpin (intramolecular interaction). As shown in Figure 2-7, we 
observed the change in emission intensity ratio of (Cy5)/570 nm (Cy3) at 550 nm 
excitation measured at various temperatures from sequence 3 (Figure 2-7C), but no 
change between sequence 1 and 2 (Figure 2-7B). Although Tm of AATTC12 (5´-
AATTCCCCCCCCCCCCAATT-3´) is calculated as 4oC, the FRET efficiency 
indicates a Tm of about 25oC. The higher Tm might be ascribed to the contribution 
from Cy3 and Cy5 modification, or the procedure we applied to measure the FRET. 
The dye-tagged ssDNA samples were first stored at 2oC and slowly warmed up for 
FRET measurements. For measurement at each temperature point, samples were 
equilibrated for 5 minutes. The hairpin may melt much more slowly than what we 
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have expected. However, no FRET was observed between sequence 1 and 2 in the 
same conditions, as shown in Figure 2-5, indicating that there was no strong 
intermolecular interaction, but intramolecular interaction does happen, at least at low 
temperature. A control to examine the emission intensity changes at different 
temperature of Cy3 or Cy5 suggests that the Cy3 emission changes little after 
temperature jump, as shown in Figure 2-6.  
The hairpin melting point was also determined by monitoring the absorption 
of hairpin CGCGC12 (5'-CGCGCCCCCCCCCCCCCGCG-3') at 260 nm, as shown in 
Figure 2-8. The absorbance of hairpin DNA at 260 nm will increase as it undergo 
from a tight to a loose structure.17  The melting temperature is 42oC, close to the 
calculated hairpin melting point 57oC. Transition temperature was calculated based 
on Integrated DNA Technologies web source. Available at: 
http://www.idtdna.com/analyzer/ Applications/OligoAnalyzer/. The single strand DNA 
CGCGC12 indeed forms hairpin structure. It is quite likely that the particular hairpin 






Scheme 2-1. FRET between Cy3 and Cy5 in designed single strand DNA. The single strand 
DNA was modified with 5’-Cy5-DNA, DNA-Cy3-3’, and 5’Cy5-DNA-Cy3-3’ respectively. 
There are three possibilities for DNA sequences to form intermolecular or intramolecular 
interactions as shown in A, B and C. For 5’Cy5-DNA-Cy3-3’ sequence, both intermolecular 
interaction, as shown in B, and intramolecular interaction, as shown in C, are possible. However, 
the FRET possibility between 5’-Cy5-DNA, DNA-Cy3-3’ tells if there is intermolecular 
interaction, as shown in A. If there is no FRET in case A, there is no FRET in case B as well. 
However, if FRET is observed in case C, but not in case A, this will suggest that there is 








Figure 2-5. Emission and excitation spectra of 5'-ATATC8-Cy3-3' and 5'-Cy5-ATATC8-3' 
mixture at 1:1 ratio at different temperature. Each sequence was first mixed and then 
characterized at different temperature. A. the mixture solution of 5'-ATATC8-Cy3-3' (black) and 
5'-Cy5-ATATC8-3' (blue) was checked at 4oC. B. the mixture solution of 5'-ATATC8-Cy3-3' 
(black) and 5'-Cy5-ATATC8-3' (blue) was checked at room temperature. Each dye showed its 
excitation spectrum (left part) and emission spectrum (right part). For emission spectrum, the 
emitter was excited at 550 nm and 650 nm, respectively for Cy3 and Cy5, and excitation 









Figure 2-6. Emission and excitation spectra of 5'-ATATC8-Cy3-3' and 5'-Cy5-ATATC8-3' at 
different temperature. Each sequence was measured at different temperature. The solution of 5'-
ATATC8-Cy3-3' was checked at 4oC (A) and room temperature (B). The solution of 5'-Cy5-
ATATC8-3' was checked at 4oC (C) and room temperature (D) as well. Each dye showed its 
excitation spectrum (left part) and emission spectrum (right part). For emission spectrum, the 
emitter was excited at 550 nm and 650 nm, respectively for Cy3 and Cy5, and excitation 








Figure 2-7. Emission ratio of 670 nm (Cy5)/570 nm (Cy3) at 550 nm excitation measured at 
various temperatures.  A. The emission spectrum of 5’-Cy3-ATATC8ATAT-Cy5-3’ at 4oC with 
excitation at 550 nm. B. The emission spectrum of the mixture of 5’-Cy3-ATATC8ATAT-3’ and 
5’-ATATC8ATAT-Cy5-3’ at 1:1 ratio at 4oC with excitation at 550 nm.  C. The emission ratio of 
670 nm (Cy5)/570 nm (Cy3) for 5’-Cy3-ATATC8ATAT-Cy5-3’ at 550 nm excitation measured 






Figure 2-8. Absorption of single strand DNA CGCGC12 at 260 nm in 50 mM sodium 









In addition, we tested the importance of a strong hairpin structure for the efficient 
creation of silver nanodots. Ag nanodots are created from a hairpin sequence (5´-
CGCGCCCCCCCCCCCCCGCG-3´) and that with mismatched stem part (5´-
CGGCCCCCCCCCCCCCCGCG-3´), respectively. Figure 2-9 shows the comparison of 
emission intensity between these two sequences, in which the mismatched one exhibits 
much lower emission than does the matched sequence. It is likely that the mismatched 
stem could not efficiently form a hairpin structure in order to encapsulate Ag nanodots 
firmly. In general, forming a hairpin structure is also influenced by other factors such as 
ionic strength. Higher ionic strength facilitates the formation of hairpin structure.18 The 
emission intensity of hairpin-protected silver nanodots is 4-fold higher when nanodots are 
created in 50 mM phosphate buffer, compared to those in deionized water, suggesting 
that a strong hairpin stabilizes the silver nanodots better. However, there is no big 
difference in nanodots prepared in 50 mM or 100 mM of sodium phosphate (data not 
shown here). 
The ssDNA protected silver nanodots are pH sensitive. As shown in Figure 2-10, 
the emission intensity of Ag nanodots (CGCGC12 Ag nanodots) is even higher at pH 7 
than those at pH 6 or pH 9. It was reported that silver ions bound nitrogen primarily on 
cytosine base. For free cytidine, it has a pKa of 4.2. However, the pKa varies in 
polycytosine chain, as reported from 4.5 to 6.2.19-21 As the pH of the solution moves close 
to polycytosine’s pKa from 7, more nitrogen atoms will be protonated, which inhibits the 
binding of silver atom to the nitrogen and consequently destabilizes the silver nanodots. 
On the other hand, the decrease in emission intensity at pH 9 might be ascribed to 





Figure 2-9. Emission and absorption comparison of Ag nanodots protected by a hairpin 
structure with matched stem pair (black) or mismatched stem pair (blue). Matched stem pair is 5´-
CGCGCCCCCCCCCCCCCGCG-3´ and mismatched stem pair 5´-CGGCCCCCCCCCCCCC 
CGCG-3´. In the emission figure, the curves on the left are excitation spectra and on the right are 
emission spectra. For emission spectrum, the emitter was excited at 560 nm, and excitation 















Figure 2-10. Emission and absorption comparison of Ag nanodots protected by a hairpin 
structure, CGCGC12 (5´-CGCGCCCCCCCCCCCCCGCG-3´), at different pH condition. (Inset)  
color pictures of Ag nanodot solutions. In the emission figure, the curves on the left are excitation 
spectra and on the right are emission spectra. For emission spectrum, the emitter was excited at 







forming silver oxide in basic solution. However, it was also reported that some silver 
nanodot emitters have to be produced in pH 5.9 Therefore, it is likely that pH influences 
not only the binding of silver atoms to the nitrogen on the cytosine base, but also the 
ssDNA secondary structure. In terms of hairpin-protected silver nanodots, pH 7 yields 
better emission intensity and this pH is applied to other emitters’ syntheses.  
Under the protection of the hairpin, silver nanodots display dramatic improvement in 
their photophysical properties. As shown in Table 1, all emitters have a few nanosecond 
lifetimes, and high quantum yields which almost double those produced in regular C12. 
The loop structure of hairpin might bring silver atoms closer and there is high probability 
to form silver nanodots. Moreover, the rigid hairpin feature also stabilizes the newly 
formed nanodots better, resulting higher concentration solutions. The nanodot extinction 
coefficients were measured by FCS. One of the emitters (CGCGC12 Ag silver nanodots) 
has an extinction coefficient as high as 950,000 M-1cm-1. However, most of emitters 
range between 200,000 ~ 350,000 M-1cm-1. As we discussed FCS earlier in this Chapter, 
the diffusion constant D can be determined by the relationship τD =  ω02/4D. Based on 
this equation, the diffusion constant of Ag nanodots can be calculated. Consequently, the 
hydrodynamic radius (Rh) will be determined by the Einstein-Stokes equation (D = kB T/ 
6πηRh).22 The diffusion constant of 615 nm emitter (CGCGC12, 5´-CGCGCCCC 
CCCCCCCCCGCG-3´) and 635 nm emitter (ATATC8, 5´-ATATCCCCCCCCATAT-3´) 
is calculated at 8.9 × 10-11 m2/s and 7.5 × 10-11 m2/s, respectively, which corresponds to 



















Table 1. Photophysical Parameters of Ag Nanodots  










ε   
(M-1cm-1) 












560/618 2.3 16 280,000 
Red1 (ATATC8)  3 570/635 2.7 26 320,000 




Silver nanodots protected with hairpin DNA also show excellent photophysics not 
only in bulk solution, but also at the single molecule level. We compared their brightness 
and photostability with a commercially available organic dye, Texas Red, in PVA film at 
the single molecule level. As shown in Figure 2-11, Ag nanodots are at least 4 times 
brighter and 15-fold more photostable. Texas Red quickly disappeared with a surviving 
lifetime of 15 +/- 5 s, but Ag nanodots exhibit a survival lifetime of 220 +/- 10 s. With 
these decent photophysical properties and different color emission regions, it is quite 
promising that silver nanodots can be a strong candidate for single molecule imaging as 










Figure 2-11. Comparison of brightness and photostability between Ag nanodots (red) and Texas 
Red (black). 568 nm excitation at 0.5 kW/cm2, 635 nm emitter; decay time: 220 +/- 10 sec., 
brightness : 17,000 counts/molecule/sec. Texas Red; decay time: 15 +/- 5 sec., brightness: 4,000 
counts/molecule/sec. The curves were fitted monoexponentially. The left panel shows typical 







 2-4. Conclusions 
In this Chapter, DNA hairpin structures were introduced to protect Ag nanodots. 
Compared to regular ssDNA, silver nanodots were produced more efficiently. These 
silver nanodots exhibit spectrally pure emissions, higher quantum yields as well as 
excellent extinction coefficients. Given the 4-fold higher brightness and 15-fold high 
photostability compared to commercially available organic dyes, silver nanodots may 
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Intracellular staining with Ag nanodots 
 
In this Chapter, I describe the improvement of chemical and thermal stability of 
Ag nanodots based on modifying the hairpin structure, and the protocol for preparation of 
highly concentrated Ag nanodots. The applications of these improved Ag nanodots were 
demonstrated by conjugation to antibodies for multi-color specific staining in fixed cells. 
In addition, nanodots’ reliability in biological environments was also examined by 
microinjection of silver nanodots directly into live cells. 
 
3-1. Introduction 
Fluorophores, especially for bio-imaging, should not only exhibit outstanding 
photophysics, but also show good biocompatibility. Not like organic dyes, silver 
nanodots are built up based on coordination bonds between silver atoms and their 
protection groups. This means that competition coordination will always happen, leading 
to destabilization of nanodots. Consequently, a large and tight protection is fundamental 
to keep those competing reactions away from silver nanodots. Otherwise, the protection 
group itself should have very high affinity to silver nanodots so that other ligands could 
not compete with this group, such as peptide-protected silver nanodots reported earlier 
from our lab.1 Likely due to its high affinity to silver ions and relatively large size,2 
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ssDNA, particularly polycytosine, affords strong protection for nanodots, resulting in the 
creation of Ag nanodots with outstanding photophysics, e.g., high quantum yield, high 
molar extinction coefficient and excellent photostability.3-6 However, the major silver 
binding position of cytosine is reported to be N3 atom of cytidine, indicating that multi-
bases are involved in the protection of nanodots.2, 7, 8 Therefore, the conformation of 
DNA may influence nanodot stability. In other words, the DNA-protected silver nanodots 
might be more vulnerable in physiological medium. Understanding the critical factors for 
highly stable silver nanodot creation is essential for bio-related applications. 
  
 





Although silver nanodots are still under improvement as new fluorophores, there 
have been reports on their applications as sensors. By detecting the fluorescence intensity 
change, partially ascribed to their vulnerabilities, oligonucleotide-stabilized Ag nanodots 
were found to be sensitive to the presence of Hg(II).9 Similarly, poly(methacrylic acid) 
protected silver nanodots were used for the detection of Cu2+.10 Moreover, it was noticed 
that the latter silver nanodots also show strong solvatochromic and solvato-fluorochromic 
properties.11 Our lab has started some tentative research on the biological application of 
silver nanodots, but mainly focused on fixed cells.1, 12, 13 However, live cell imaging is 
one of the biggest challenges for silver nanodots because Ag ions easily react with 
chloride as well as other anions in physiological conditions, leading to instability.14-16 
Notwithstanding, Ag nanodots optimized via DNA microarrays were improved with 
spectral purity and photophysical properties, they still need improvement on their 
chemical stability in biological environments such as PBS and cell culture medium.  
As discussed in Chapter 2, we utilized ssDNA hairpin structures to encapsulate 
Ag nanodots and demonstrated improved spectral purity and photophysical properties. 
Herein, we tried to modify DNA hairpins to increase silver nanodots’ chemical stability, 
and describe methods to prepare concentrated silver nanodots. The compatibility of silver 
nanodots for multicolor staining is also examined by conjugating DNA protected silver 
nanodots to various antibodies before proceeding to specific staining. Moreover, other 
synthesis strategies, such as direct synthesis of Ag nanodots in biologically relevant 
conditions including PBS and cell culture medium, alcohol precipitation, and re-reduction, 
were also applied to improve their chemical stability, resulting in promising advances in 
live cell intracellular staining by microinjection.    
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3-2. Experimental section 
Materials 
All oligonucleotides and chemical reagents were purchased and prepared as 
previously described in the Chapter 2 unless otherwise specified. Phosphate buffered 
saline (PBS), ethylenediaminetetraacetic acid (EDTA), trypsin (0.25%), Dulbecco's 
Modified Eagle's Medium (DMEM), sodium borohydride, 4-(N-Maleimidomethyl) 
cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester sodium salt (sulfo-
SMCC), tris(2-carboxyethyl)phosphine (TCEP), penicillin-streptomycin solution, and 
Sephadex G50  were purchased from Sigma-Aldrich and used as received. 3,000 MWCO 
centrifugal ultrafiltration vials were obtained from Vivascience, Stonehouse, UK. Anti-
heparin/heparan sulfate mouse IgG1 (anti-HS) was obtained from Millipore, MA, USA, 




DNA-Ag nanodots were synthesized following procedures described earlier in 
Chapter 2. For direct synthesis of Ag nanodots, PBS and cell culture medium were used 
instead of sodium phosphate buffer. For cellular experiments using micro-injection, 
samples should be concentrated by the following method. The emitter was prepared in 
sodium phosphate buffer or deionized water and concentrated 10 to 20 times, respectively, 
by a Savant DNA SpeedVac® Concentrator. The concentrated samples were then re-
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reduced with an additional 30% of original reduction agents, and stored at 4oC overnight 
for stabilization. Emitters synthesized in DMEM were concentrated by alcohol 
precipitation. Emitter solution was added with two volumes of pre-cooled ethanol, stored 
at -20oC for 30 minutes. The solution was then spun down at 5,000 rcf for 3 minutes. The 
precipitates were collected and re-dissolved in DMEM to meet a desired concentration 
(10-20 times concentrated). 
Conjugation of antibody-DNA. The disulfide protected ssDNA (5´- ThioMC6-D-
DNA-3´, 500 μM) was mixed with TCEP (1 mM) at room temperature in phosphate 
buffered EDTA (PBE, phosphate 100 mM, sodium chloride 137 mM, potassium chloride 
2.5 mM, EDTA 5 mM) in a 1000 MWCO dialysis tube (Spectrum Laboratories). The 
dialysis tube was then suspended in PBE overnight at 4oC. Antibodies (anti-
heparin/heparan sulfate mouse IgG1 (anti-HS, Millipore) or anti-OxPhos complex IV 
subunit Va mouse IgG2a (anti-OP, Invitrogen)) (50 μg) were mixed with sulfo-SMCC 
(150 μg) in PBS for 4 hours at room temperature. The mixture was then purified over 
Sephadex G100 column with PBS as eluant. The purified antibody was mixed with the 
de-protected ssDNA and kept at 4oC for another 8 hrs and the protein was purified over 
Sephadex G100 column with PBS as eluant. 
 
Cell culture 
NIH 3T3 cells were provided by Dr. D. F. Doyle. (Georgia Institute of 
Technology). Cells were incubated under 5% carbon dioxide/air at 37°C, in DMEM with 
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4.5 g/L glucose, L-glutamine and pyruvate, supplemented with 10% natal bovine serum 
and 1% penicillin/ 100 units streptomycin mixture.  
Cellular staining 
NIH 3T3 cells were washed with PBS and then fixed with pre-cooled 
MeOH/acetone at -20oC for 10 minutes, rinsed with deionized water (5 min × 3), and 
then loaded with anti-mitochondria (ANTI-OXPHOS COMPLEX IV SU) ATATC8 (5´-
ATATCCCCCCCCATAT-3´) silver nanodots (5 μM, based on DNA) in 300 μL of DI 
water for one hour at room temperature. The cells were then washed and incubated with 
anti-heparan sulfate AATTC12 (5´-ATATCCCCCCCCCCCCATAT-3´)silver nanodots 
(5 μM, based on DNA) in 300 μL of DI water for 1.2 hours. Cells were washed with 
deionized water and then mounted on a slide for imaging. 
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3-3. Results and discussion 
We first tested the compatibility of silver nanodots for multicolor staining. As 
reported earlier, DNA silver nanodot-tagged antibodies stained fixed cells well.13 
Occasionally, emission from some silver nanodots will diminish in the presence of 
different DNA sequence protected silver nanodots. This is due to silver nanodot transfer 
from a weak DNA-Ag binding sequence to a strong DNA-Ag binding one. Interestingly, 
these hairpin-DNA protected silver nanodots are very stable when several emitters are 
mixed, keeping their characteristic emission. As shown in Figure 3-1, a green C20 emitter 
was mixed with 670 nm emitter at 1:2 and 1:1 fluorescence intensity ratio. The spectra 
and intensity of individual emitters did not shift. We then tagged several antibodies with 
each one of the above emitters. Scheme 3-1 shows the reaction scheme for conjugating 
antibody with Ag nanodots. For cell membrane staining, we conjugated the 562 nm 
emitter (AATTC12, 5´-AATTCCCCCCCCCCCCAATT-3´) and anti-heparin/heparan 
sulfate mouse IgG1 (anti-HS, Millipore).17, 18 Figure 3-2 shows the emission and 
excitation spectra of antibody-silver nanodot conjugate. The emission of Ag nanodots 
blue-shifted to 522 nm, which might be ascribed to the weak encapsulation from 
AATTC12. As we discussed in Chapter 2, longer length of cytosine base inside A and T 
matched hairpin structure may not hold Ag nanodots tightly compared to shorter length 
of cytosine base inside the hairpin structure. Thus, emission spectra were blue-shifted. 
Here, this sequence conjugated with antibody may also have similar pattern, resulting in 
the blue-shifted emission. Moreover, to avoid overdose of silver ions, silver ions were 
added 10% less. It was found the less Ag+/base ratio facilitate the formation of green 





Figure 3-1. Emission spectra after mixing green C20 emitter (5´-CCCCCCCCCCCCCCCC 
CCCC-3´) and 615 nm emitter (5´-CGCGCCCCCCCCCCCCCGCG -3´) at 1:2 (A) and 1:1 (B) 
fluorescence intensity ratio. The spectra and intensity did not shift in the mixture, indicating that 









Scheme 3-2. Antibody-DNA conjugation. Antibody (anti-heparin/heparan sulfate mouse 
IgG1 or anti-OxPhos complex IV subunit Va mouse IgG2a) and thiolated single strand 









Figure 3-2. Emission and excitation spectra of Ag nanodot conjugated with antibody. (a) 562 
nm emitter (AATTC12, 5´-AATTCCCCCCCCCCCCAATT-3´) and anti-heparin/heparan sulfate 
mouse IgG1 (anti-HS, Millipore). For emission spectrum, the emitter was excited at 430 nm, and 
excitation spectrum was obtained at 520 nm. (b) 635 nm emitter (ATATC8, 5´-
ATATCCCCCCCCATAT-3´) and anti-OxPhos complex IV subunit Va mouse IgG2a (anti-OP, 
Invitrogen). For emission spectrum, the emitter was excited at 575 nm, and excitation spectrum 






For mitochondria staining, 635 emitter (ATATC8, 5´-ATATCCCCCCCCATAT-3´) and 
anti-OxPhos complex IV subunit Va mouse IgG2a (anti-OP, Invitrogen) which marked 
for mitochondria were used.20, 21 This emission from the conjugated 635 nm emitter was 
not shifted from original spectrum. The anti-mitochondria ATATC8 silver nanodot 
conjugates were first applied to fixed NIH 3T3 cells, followed by the anti-HS AATTC12 
conjugate. As shown in Figure 3-3, cell membrane (green) and mitochondria (red) were 
successfully stained by different color Ag nanodots. There was no obvious interference 
from silver nanodot transfer between the two antibody-nanodot conjugates. However, we 
observed non-specific staining, which needs to be minimized in future work. 
We improved the stability of Ag nanodots dramatically even in different harsh 
conditions. Stability of Ag nanodots in different environments such as PBS, cell culture 
medium, and 10% serum was poor in our previous report, with quick decay of 
fluorescence. Adding Ag nanodots prepared in deionized water into PBS or DMEM, their 
emissions were quickly quenched by salts inside standard buffer, especially those 
containing Cl-. Therefore improving stability of Ag nanodots in biological media is most 
challenging. Now, what we introduce here is synthesizing Ag nanodots directly in 
biological media. Instead of deionized water, PBS and DMEM were used as medium for 
silver nanodots. Not all the DNA sequences listed in Chapter 2 can produce highly 
intense emission in such harsh media. An example is 5´-
ATATCCCCCCCCCCCCATAT-3´ (ATATC12) sequence, which yields bright 607 nm 
emission in DMEM (Figure 3-4), with a fluorescence quantum yield of 34% and an 







Figure 3-3. Multi-color staining fixed NIH3T3 cells with anti-OxoPhos/ATATC8 Ag nanodots 
for mitochondria (red) and anti-Heparin Sulfate/AATTC12 Ag nanodots for cell membrane 
(green). Images were taken on Zeiss laser confocal scanning miscrisope NLS-510. For ATATC8, 
543 nm laser was used as excitation light source and 560 LP filter as emission filter. For 
AATTC12, 452 nm laser line was used for excitation and 505-550 BP as emission filter.ATATC8, 
5´-ATATCCCCCCCCATAT-3´ and AATTC12, 5´-AATTCCCCCCCCCCCCAATT-3´. Scale 











Figure 3-4. (A) Emission and excitation spectra of 607 nm emitter (ATATC12, 5´-
ATATCCCCCCCCCCCCATAT-3´) directly synthesized in DMEM. (B) Stability of the 607 nm 









We assume that only stable configurations of the mixture from Ag ion and DNA in PBS 
or DMEM, can survive and proceed to silver nanodot formation. It seems that changing 
environmental conditions from deionized water to PBS (or others such as 10% serum and 
a cell culture medium) may influence the microenvironments of silver nanodots in DNA 
configuration. Since ATATC12 silver nanodots synthesized in deionized water have 
similar emission wavelength as those prepared in phosphate buffer, the DNA 
conformation change resulting from ionic strength shift may not alter the spectrum of 
silver nanodots much. However, the ion components in the buffer, as suggested by the 
synthesis in PBS/DMEM, may influence the nanodot stability.  
In addition, we studied nanodot stability with varying temperature. Lower 
temperature is better for storing Ag nanodots, but Ag nanodots should also be stable at 
temperatures for further biological applications, for example, 37oC. Most Ag nanodots in 
PBS at 4oC are quite stable even one day after reduction, but decay slowly at room 
temperature. However, at 37oC it decays much faster, likely due to more loose structures 
of Ag-DNA complexes.22-24 Stable Ag nanodots at body temperature are requisite. As we 
discussed a hairpin concept in Chapter 2, we can change the complimentary base pairs of 
the stem to give a higher melting temperature such as CGAACGCGC12, 5´-
CGAACGCGCCCCCCCCCCCCCGCGTTCG-3´, (Tm = 72oC), instead of ATATC12 
(Tm = 0.3oC).24 It is likely that the hairpin DNA composed of higher melting temperature 
sequences will hold the Ag nanodots more firmly at higher temperature to delay the 
decay of emitters. As we expected, the thermal stability of Ag nanodots directly 
synthesized in PBS or cell culture medium is successfully improved at 37oC, with a half 












Figure 3-5. Improved thermal stability of CGAACGCGC12CGCGTTCG-protected Ag nanodots 
in PBS and DMEM compared to ATATC12-protected Ag nanodots in PBS. The emission 
intensities of the above nanodots at 618 were monitored at 560 nm excitation. CGAACGCG 









With this improved thermally stable emitter, it could be applied for the biological 
applications in the near future. 
Live cell staining is more difficult than fixed cell staining due to much more 
complicated components in live cells. Due to the highly-charged surface, DNA-protected 
silver nanodots could not pass through cell membrane freely. Intracellular delivery, 
however, can be affected by microinjection, by which nanodots are physically injected 
into cells. Although we can successfully synthesize Ag nanodots directly in biological 
media, the concentration of Ag nanodots is quickly diluted inside live cells. Thus, more 
concentrated Ag nanodots might be necessary for successful live cell staining.  
We tried to concentrate Ag nanodots by three different methods depending on 
buffer systems. In deionized water, Ag nanodot solution is concentrated about 20 times 
by DNA SpeedVac® Concentrator. However, in buffer system including sodium 
phosphate, the concentration increases 10-12 fold, causing problems for Ag nanodot 
stability. For direct synthesis in PBS or cell culture medium, it is not ideal to concentrate 
the solution by DNA SpeedVac® Concentrator because salts, amino acids, and more in 
the medium, are concentrated as well. Therefore, we have to use a fast way to concentrate 
Ag nanodots, but it should not damage Ag nanodots. In general, alcohol precipitation is 
widely used to purify biomacromolecules.25 Fortunately, DNA hairpin structure 
encapsulates Ag nanodots so well that the Ag particles can still be soluble.  
The collected Ag nanodots are re-dissolved in DMEM at the desired 
concentration, according to its absorption from silver nanodots. Then, we can apply the 










Figure 3-6. Live NIH 3T3 cells were microinjected with Ag nanodots (607 nm emitter). (A) 
Phase contrast image of cells (used 40x phase contrast objective). (B) Fluorescence image of Ag 
nanodots under Hg lamp excitation, 535/50x, 580LP, Exposure time 0.5 sec for bright image and 
1 sec for fluorescence image, Scale bar 40 µm.  
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nanodots clearly stained cells, especially with higher intensity at nucleoli. Even though it 
shows that Ag nanodots homogenously distribute in the cell right after microinjection, 
they quickly diffuse to the nucleus and finally stain what looks like the nucleoli.  
As mentioned earlier, silver nanodots prepared in regular deionized water or phosphate 
buffer are not stable in physiological conditions. We discovered that an extra procedure 
could strengthen the stability of such silver nanodots dramatically, and therefore it is not 
always necessary to prepare nanodots in cell media. The DNA SpeedVac® concentrated 
615 nm emitter or 670 nm emitter is reduced with sodium borohydride for a second time, 
and the resulting silver nanodots show much better stability in physiological conditions as 
shown in Figure 3-7. Silver nanodots (670 nm emitter) without secondary reduction were 
not as chemically stable; the emission disappeared right after microinjection. However, 
silver nanodots with secondary reduction showed longer chemical stability, as shown in 
Figure 3-7. We do not know why secondary reduction yields better chemical stability 
inside cells, even though they exhibit similar absorption and fluorescence intensity with 
or without this procedure.  
It seems that the cellular localization of silver nanodots depends on DNA 
sequence for nanodot protection. When CGCGC12 protected silver nanodots (615 
emitter) were injected into live cells, most of them (12 cells) stayed in the cytoplasm right 
after injection, and then gradually diffused into nucleus, resulting in homogeneous stain 
in about 2 to 6 minutes (Figure 3-8 (a)), depending on individual cells. Interestingly, 
fluorescein labeled CGCGC12 (CGCGC12-fl, 5´-fluorescein-CGCGCCCCCCCC 







Figure 3-7. Live NIH 3T3 cells were microinjected with 670 nm emitter (GGGGC8CCCC) 
under Hg lamp excitation, 575/30x, 650LP.  Fluorescence images were taken 14 minutes after 





Figure 3-8. Cell staining pattern depends on DNA sequence. Live NIH 3T3 cells were 
microinjected with 615 nm emitter (5´-CGCGCCCCCCCCCCCCCGCG-3´, A) and with 
CGCGC12-fl (5´-fluorescein-CGCGCCCCCCCCCCCCCGCG-3´, B) under Hg lamp excitation. 
535/50x and 610LP for 615 nm emitter, 460-490BP and 514LP for CGCGC12-fl, Exposure time 






Figure 3-9. Cell staining pattern depends on DNA sequence. Live NIH 3T3 cells were 
microinjected with 670 nm emitter (5´-GGGGCCCCCCCCCCCC-3´, A) and with GGGGC8-fl 
(5´-fluorescein-GGGGCCCCCCCCCCCC-3´, B) under Hg lamp excitation. 575/30x and 650LP 




observed in 15 injected cells. The other sequence, GGGGC8, either with tagged 
fluorescein (GGGGC8-fl, 5´-fluorescein-GGGGCCCCCCCCCCCC-3´), or with 
coordinated silver nanodots (670 emitter), stayed in cytoplasm at the very beginning, but 
then quickly diffused into the nucleus in less than 1 minute, resulting in bright nucleus 
stain (Figure 3-9). Compared to CGCGC12-fl, diffusion of GGGGC8-fl into nucleus is 
faster, as we observed strong nucleus stain from GGGGC8-fl within 1 minute after 
microinjection (Figure 3-9), but CGCGC12-fl still stayed in cytoplasm in 2-4 mintues 
(Figure 3-8). We further tried to examine the influence of silver ions (not reduced) on the 
diffusion of DNA sequence inside cells by adding silver nitrate to GGGGC8-fl solution, 
but found that there was little difference in the diffusion pattern of the DNA sequence 
either in the presence or absence of silver ions. Reduction of the above mixture with 
NaBH4 did not change the diffusion pattern either. At this moment, we do not know 
exactly what fact more strongly affects the localization of DNA-silver nanodot conjugate. 
It was reported that diffusion of macromolecule-sized solutes in cytoplasm and nucleus 
was relatively free. However, the DNA fragments in nucleoplasm were nearly 
immobile.26-28 The strong nuclear staining of GGGGC8 might be ascribed to the binding 
of DNA to immobile obstacles in nucleus.29, 30 However, the distinct diffusion patterns 
between GGGGC8 and CGCGC12 may not be explained by the DNA size difference of 






Through tailored oligonucleotide scaffolds, silver nanodot syntheses have 
yielded thermally and cell culture stable silver cluster-based emitters. Optimizing 
ssDNA stability has enabled creation of highly concentrated and spectrally pure 
nanodot emitters with strong intracellular emission. Both fixed and live-cell staining 
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 CHAPTER IV 
 
Encapsulation of silver nanodots in delivery vehicles 
  
 Here we tried to extend the scope of silver nanodots for in vivo application. 
Nanogel and PLGA particle were chosen as delivery vehicles. Silver nanodots were 
either kinetically trapped inside nanogel as dry nanogel was dissolved in nanodot solution, 
or encapsulated in PLGA particle by emulsion-based synthesis. The encapsulation 
efficacy of silver nanodots in nanogel is higher compared to that in PLGA system, with 
about 14 silver nanodots/nanogel particle. Preservation of the photophysics of silver 




High quality fluorophores are essential for imaging studies, especially in the fields 
of  single molecule and  in vivo imaging.1 Strong scattering occurs inside tissues in 
addition to high backgrounds, causing challenges for in vivo applications. Brighter and 
photostable fluorophores enable less loading dose, and better absorption of photons in 
low light systems.2 The excellent photophysics of silver nanodots prompt us to extend 
their application to in vivo imaging. In addition to direct labeling of bioactive molecules 
with fluorophores, many delivery vehicles are also used as a platform for imaging 
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fluorophores.3-10 Liposomes are one of the most well investigated drug delivery vehicle, 
with uses ranging from basic cosmetic formulations to the treatment of various infectious  
diseases.11, 12 Mesoporous silica nanoparticles, with defined structures and surface 
properties, are known to be biocompatible, and newly developed as drug delivery 
vehicles due to their capability to store and gradually release therapeutically relevant 
drugs.13 Several drugs and large molecules, such as antibodies,14 have been successfully 
encapsulated in these nanoparticles. Compared to silica nanoparticles, gold nanoparticles 
are solid, and can only carry cargoes at their surface. However, its low toxicity and other 
properties, such as near IR absorption for thermotherapy, enable their wide applications 
in drug delivery studies and in vivo imaging.15-17 Polymer-based nanoparticles can 
controllably release pharmaceutical drugs in aqueous solution upon being triggered by 
various chemical factors, such as pH, under physiological conditions, introducing extra 
functionality.18, 19 
Hybrid nano-sized hydrogels have been attractive in pharmaceutical applications 
due to their swelling and permeability characteristics influenced by a various range of 
external factors including temperature, pH, ionic strength, and sensitivity of light.20-26 It is 
used for hydrophilic drug encapsulation. However, for hydrophobic drugs, another type 
of polymeric nanoparticles made of Poly(D,L-lactic-co-glycolic acid) (PLGA), is applied 
frequently due to their FDA-proved, biodegradable, biocompatible characteristics.27-29 In 
general, those stimuli-responsive vehicles for in vivo applications should endure longer 
circulation in blood stream and be biodegradable.30 Additionally, drug delivery systems 
require that the designed particles should appropriately release drugs on the targeted areas 
of interest to reduce inefficacy and toxic side effects, leading to designing the hybrid gels 
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including organic dye or quantum dots (QDs) to track or monitor the carriers.5, 31-33 
Therefore, developing new fluorophores and new measuring technologies are necessary. 
Recently, optically modulated silver nanodots were reported, which demonstrated an 
increase in signal to noise ratio resulting from reduction of noise in high backgrounds.34 
These new fluorophores and modulation technique definitely afford new ways to recover 
signal and information toward in vivo application. Herein, we examined encapsulation of 
our silver nanodots in such drug delivery vehicles and the photophysics of resulting silver 
nanodot-nanoparticle complexes, and evaluated the possibility of current silver nanodots 
towards in vivo imaging application.  
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4-2. Experimental section 
Materials 
All materials were purchased from Sigma-Aldrich unless otherwise specified. 
Nanogels were made by and obtained from Mike Smith through a collaboration with Dr. 
L. A. Lyon’s lab (School of Chemistry and Biochemistry, Georgia Institute of 
Technology). All oligonucleotides were purchased from Integrated DNA Technologies 
and purified with standard desalting by the manufacturer. 1,2-Dioleoyl-3-
Trimethylammonium Propane (Chloride Salt) (DOTAP) was purchased from Avanti 
Polar Lipids, Inc. (Alabaster, AL). Poly(D,L-lactic-co-glycolic acid), PLGA (RG 503H, 
35.4 kDa (polydispersity index: 2.5), Boehringer Ingelheim), was obtained from Dr. N. 
Murthy lab. (Department of Biomedical Engineering, Georgia Institute of Technology). 
Silver nitrate was used with 99.9999% purity and sodium borohydride with 98% purity. 
All syntheses used deionized water (18M Ω, Barnstead Thermolyne E-Pure system). 
 
Synthesis 
DNA-Ag nanodots were synthesized by the same method discussed in Chapter 3, 
and concentrated by lyophilization.  
Nanogels were synthesized by Dr. Lyon’s lab following previous report except 
that the amount of acrylamidofluorescein (AFA) was 10 times less.35 The freeze-dried 
nanogels were suspended in 250 µL of concentrated DNA-Ag nanodot solution and 
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incubated overnight at 4oC. The solution was then centrifuged at 100,000 rpm for 30 




A mixture of PLGA (40 mg) in 1 mL of methylene chloride and DNA-Ag 
nanodot solution (50 µM of DNA concentration, 150 µL) was homogenized at 21,500 
rpm for 30 seconds by a mechanical stirrer, followed by the addition of 8 mL of 5% (w/v) 
aqueous polyvinyl alcohol (PVA) solution The solution was quickly emulsified by 
homogenization at 9,400 rpm for one minute. The resulting emulsion was added into 12 
mL of 0.5% PVA solution and then methylene chloride was removed by rotary 
evaporator. The particles were collected after centrifugation at 10,000 rpm for 10 minutes, 
washed twice, and freeze-dried.  
 
Ion-pairing step for single emulsion 
DOTAP (74.8 µL of 20 µg/µL) was diluted with methylene chloride (775.2 µL) 
and DNA-Ag nanodot solution (50 µL of DNA concentration, 850 µL). Methanol (1.785 
mL) was gently dropped to the top of the mixture, which formed two separated phases. 
After a 5 minute incubation, the above solution was added into a mixture of 
methylene:water at 1:1 ratio (v/v), vortexed for 30 seconds, and then centrifuged at 600 g 




PLGA (40 mg) in 1mL of methylene chloride was added into the ion-paired 
DOTAP and DNA-Ag complex solution. The mixture was emulsified by homogenization 
at 21,500 rpm for one minute, and then was poured into 8 mL of 5% (w/v) aqueous PVA 
solution, followed by homogenization at 9,400 rpm for one minute. The resulting 
emulsion was added into 12 mL of 0.5% PVA solution and methylene chloride was 
removed by rotary evaporator. The particles were collected after centrifugation at 10,000 
rpm for 10 minutes, washed twice, and freeze-dried overnight. 
 
Thermal stability study 
The precipitates of DNA-Ag nanodot-nanogel nanoparticles were re-dissolved in 
the solution of interest, divided into aliquots, and then incubated at 37oC. At the desired 
time point, an aliquot was centrifuged at 100,000 rpm for 30 minutes at 4oC. The 
resulting precipitates were collected. The emissions and absorptions from both 
supernatant and precipitates were examined. As a control, DNA-Ag nanodots without 
nanogels were also checked following the same procedure.  
 
Cell culture 
Hey cells (obtained from Gordon B. Mills, Department of Systems Biology, the 
University of Texas, M. D. Anderson Cancer Center) were prepared by Dr. Dickerson, 
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Department of Biology and Ovarian Cancer Institute, Georgia Institute of Technology. 
The Hey cells were cultured in RPMI 1640 (Mediatech, Manassas, VA) supplemented 
with 10% v/v fetal calf serum (Invitrogen), 2 mM L-glutamine (Mediatech), 10 mM 
HEPES buffer (Mediatech), penicillin (100 U/mL), and streptomycin (100 µg/mL).  
 
Toxicity study 
The toxicity study was investigated with the help of Dr. Erin Dickerson. Briefly, 
Hey cell viability was checked after treatment with Nanodots (670 emitter), 
Nanogel/Nanodots/ or AgNO3, respectively, at 37oC and 5% CO2 for 24 hrs. Then, the 
cells were washed with PBS followed by replacement of medium. Tox 8 reagent (Sigma) 
was added to the cells following the manufacturer’s instructions, and then the cell 
viability was checked. Note that the concentration is for DNA, and the corresponding 








4-3. Results and discussion 
4-3-1. DNA-Ag nanodot/PLGA system 
 
Since PLGA is hydrophobic and DNA protected silver nanodots are highly 
hydrophilic, they are not miscible. However, double emulsion technique is able to entrap 
the DNA-Ag nanodots inside PLGA particles. In this case, DNA-Ag nanodot solution 
was used as a water phase (W1) and was emulsified in PLGA solution dissolved in 
methylene chloride, an organic phase (O), to form W1/O emulsion. Then, the emulsion is 
emulsified in a second water phase (W2) to make W1/O/W2 emulsion, i.e., double 
emulsion. In order to increase entrapment efficiency, we adjusted the ratio between 
DNA-Ag nanodots (here 615 nm emitter) and PLGA starting material. However, the 
encapsulated DNA-Ag nanodots were not proportionally increased even though their 
concentrations were increased at constant PLGA concentration. Some DNA-Ag nanodots 
were still in water phase, so it may not be easy to drastically improve the efficiency. As 
shown in Figure 4-1A, the nanodot-encapsulated PLGA particles are not well dispersed 
with obvious aggregates. Moreover, only some of particles display emission. It was 
reported that double emulsion showed low encapsulation efficacy to small molecular 
weight hydrophilic materials.36 While removing organic phase in this technique by a 
rotary evaporator, some of DNA-Ag nanodot solution may be already released from 
PLGA particles, and might be easily washed off during washing step. 
Another approach to increase the encapsulation of silver nanodots in PLGA is via 





Figure 4-1. The bright field and emission images of 615 nm emitter-PLGA particle solution on 
glass cover slip were taken by Ixon camera under excitation from Hg lamp excitation (535/50x 
for excitation and 610LP for emission). Compared to particles prepared by double emulsion 
method (A), 615 nm emitter-PLGA particles disperse much better when prepared by single 








from the aqueous phase to the organic phase via ion pairing between the negatively 
charged DNA and the positively-charged DOTAP, a lipid with a single positive charge. 
We first optimized the ratio between DOTAP and DNA-Ag nanodots. Too low 
DOTAP/DNA ratio could not induce the phase transfer of DNA-Ag nanodots from the 
aqueous phase to the organic phase until the ratio reached 2.5 DOTAP per DNA base 
shows. However, some of DNA-Ag nanodots still remained in the water phase in spite of 
more DOTAP added into the DNA-Ag nanodot solution. Then, these ion paired DNA-Ag 
nanodots were encapsulated with PLGA by single emulsion. The resulting DNA-Ag 
nanodot-PLGA particles were characterized by a microscope, as shown in Figure 4-1B. 
The encapsulated DNA-Ag nanodot-PLGA particles were well dispersed without 
aggregation. Most of the PLGA particles encapsulate multicopies of silver nanodots  as 
we see the bright emission from each PLGA particle. However, some PLGA particles 
show fluorescent blinking behavior,37-40 indicating that in some of the PLGA particles, 
the encapsulation efficacy is still low.  
Due to the large two photon absorption cross section of DNA-Ag nanodots,41 it 
would be useful to observe strong emission from these nanodot-PLGA particles by a 
commercial confocal microscope under two-photon excitation. As shown in Figure 4-2, 
615 nm emitter has large two photon absorption at 780 nm. As expected, the entrapped 
DNA Ag nanodots (615 nm emitter) show bright, stable emission by either one photon 
excitation (Figure 4-3A, 543 nm excitation, pseudocolor as green) or two photon 
excitation (Figure 4-3B, 780 nm excitation, pseudocolor as red) at its lowest power 
output. Their emissions colocalize well as shown in Figure 4-3C, but with much less 





Figure 4-2. Two-photon excitation spectrum of 615 nm emitter. The spectra is calibrated to the 
absorption cross section of 615 nm emitter for those species whose quantum yields are known 
(shown in Table 1 in Chapter 2).  All of the curves were generated by recording the emission as a 
function of excitation wavelength by a 8kHz femtosecond Ti-sapphire laser.  The cross sections 
were measured by ratiometric comparison to dye standards with known cross sections at the 
excitation wavelengths used. 615 nm emitter produced within 5´-CGCGCCCC 
CCCCCCCCCGCG-3´. Reproduced with permission from Ph. D. thesis (Sandeep A. Patel, 











Figure 4-3. The entrapped DNA Ag nanodots (615 nm emitter) in PLGA show bright, stable 
emission. A, by one photon excitation at 543 nm and detected with 590 LP filter; B, two photon 
excitation at 780 nm at its lowest power output (2 mW) with 590-695 BP as emission filter; C, 
their colocalization; D, bright field image of the PLGA particles. Inset, a closeup image of PLGA 






quite photostable under two photon excitation: very little emission intensity change after 
15 min two photon excitation. Although we especially used quite low excitation power 
and detection gain on a commercial confocal scanning microscope, we can still see bright 
emission from Ag nanodots. This might be useful for further biological application such 
as trafficking particles inside cells or in vivo imaging under two photon excitation. 
Besides excellent emission under two photon excitation, silver nanodots can also 
be applied for in vivo imaging by taking advantage of fluorescence modulation to 
increase S/N ratio.34, 42 Fluorescence emission rate can be enhanced when the dark state 
of the emission process is depopulated. The maximum enhancement is defined as 






For silver nanodots, the emission intensity under the primary laser excitation, for example, 
561 nm laser, can be greatly increased by an additional, lower energy secondary laser 
excitation, e.g. 805 nm, which can increase dark state depopulation resulting in increased 
fluorescence, but without inducing additional background. Moreover, by modulating the 
lower energy secondary laser by a variable mechanical chopper which is placed in the 
secondary laser excitation path, a waveform is encoded onto the fluorescent signal 
resulting in a regular modulation of the emission, for example at 10 Hz.  Series images 
are taken by CCD camera at a frame rate 10-fold higher than the frequency of modulation. 




= dtetfF tiυπυ 2)()( ) of the resulting time trace is used to extract the 





Figure 4-4. Fluorescence enhancement of 615 nm emitter-PLGA particles. A, keeping the 
primary laser higher power (561 nm laser, 11.2 µW) and changing secondary laser power (805 
nm laser, 0~3 mW); B, similar to A except for lower power of primary laser (561 nm laser, 0.3 
µW); C, keeping the lower power (775 µW) of secondary laser (805 nm) and changing the 






laser frequency, for example, 10 Hz, for each pixel resulted in the demodulated image. 
This indicates that only the modulable emission from silver nanodots is recovered, 
meanwhile, those pixels, such as high background, containing no modulated laser 
frequency component will be removed, resulting in greatly improved S/N ratio.  
The silver nanodots in PLGA still exhibit modulation. With relatively higher 
primary laser intensity (568 nm laser, 11.2 µW), the 615 nm emitter inside PLGA 
particles shows good enhancement at varied secondary laser intensities (805 nm laser, 
0~3 mW), as shown in Figure 4-4A. The entrapped 615 nm emitter also shows 
enhancement with even lower intensity of primary laser (568 nm laser, 0.3 µW) (Figure 
4-4B). Conversely, fixing the lower intensity (775 µW) of secondary laser (805 nm) and 
changing the primary laser intensities also shows enhancement inside PLGA particles 
(Figure 4-4C). Clearly, higher primary laser intensity increases the emission rate of 
nanodots and the possibility of dark state depopulation so that more photons can be 
emitted. Nevertheless, such a lower secondary laser intensity is also enough to make 
photons depopulate in dark state as we observed here.  
Similar to our previous approach, we tested this enhancement with artificially 
large background, by adding commercial organic dye. DNA-Ag nanodot-PLGA was 
immobilized in PVA film and Texas Red solution was added on the top of the PVA 
sample. Applying a primary laser (594 nm, 350 W/cm2) to excite the film and Texas Red 
solution and detecting with a CCD camera yield an image showing a large fluorescent 
area as shown in Figure 4-5A. Afterward, secondary laser (805 nm, 16kW/cm2) was 
applied, focused on the sample and modulated at 2 Hz. With Fourier analysis, a time trace 













Figure 4-5.  A. Raw image of a PVA immobilized sample of 615 nm emitter-PLGA particles 
after adding Texas red solution on the top of the PVA sample, excited with constant 594 nm (350 
W/cm2) and modulated 805 nm (16 kW/cm2) laser at 2 Hz; B; Demodulated image of (A) 
showing sharp spikes at the secondary laser focus point. C. Fourier transforms of the emission in 
A. 615 nm emitter produced within 5´-CGCGCCCC CCCCCCCCCGCG-3´. 
121 
 
Recombination of signal for each pixel offers the demodulated image completely 
removing Texas Red fluorescence as shown in Figure 4-5B. With these preliminary 
results, the DNA-Ag nanodot-PLGA system might be great for biological application, 








4-3-2. DNA-Ag nanodot/nanogel system 
Noncovalent encapsulation of DNA-Ag nanodots within nanogels not only avoids 
any complicated surface modification, but also retains the characteristic emissions of 
silver nanodots as shown in Figure 4-6, which illustrates different Ag nanodot emitters 
encapsulated within nanogels. Several emitters were successfully encapsulated in the 
nanogel, such as a green C20 emitter (λmax, 523 nm), yellow 562 nm emitter, orange 590 
nm emitter, red 615 nm emitter, 635 nm emitter, and  670 nm emitter. These emitters 
were concentrated before being loaded into nanogel, However, several emitters, such as 
CCCATATTCCCC (660 em @594 ex), CCTCCTTCCTCC (620 em@540 ex) and 
CCCTAACTCCCC (700 em @ 620 ex), show very low loading efficiency. For clarity, 
we just show the result of 670 nm emitter as an example. After encapsulation, Ag 
nanodot-nanogels are still well-dispersed in solution with 67% encapsulation efficiency 
(Encapsulation efficiency = [1- (fluorescence of loading solution supernatant / 
fluorescence of Ag nanodot stock)]*100). The 670 nm emitter in nanogel still exhibits 
intense emission with no spectral shift (Figure 4-6C, red line). Since there is fluorescein 
conjugated as an indicator during the synthesis of nanogels (Figure 4-6C, black line), the 
molecular weight of nanogel and the average number of fluorescein molecules per 
nanogel particle were determined to be ~50,000,000 Da 18 fluorescein molecules/nanogel 
particle, respectively, by FCS. Consequently, by measuring the absorption intensity of 
fluorescein the concentration of nanogel particles was obtained. Similarly, the 
concentration of 670 nm emitter was also determined, given that it has an extinction 





Figure 4-6. Noncovalent encapsulation of DNA-Ag nanodots within nanogels. (a) A scheme 
illustrates this process. (b) Emission image of different emitters of Ag nanodot encapsulated 
within nanogels under individual best excitation wavelength. (c) Emission spectrum of 670 nm 
emitter in nanogel (red line) and fluorescein (black line) which was conjugated as an indicator 
during the synthesis of nanogels. They were excited at 600 nm and 480 nm, respectively. Inset, 
the absorption spectra of nanogel alone (blue in inset) and 670 nm emitter in nanogel (green in 






silver nanodots was also determined to be 14 fluorescent silver nanodots in each nanogel 
particle. Given the 1% synthetic yield of 670 emitter, there are about 1,400 DNA 
molecules/nanogel particle assuming that DNA and DNA-silver nanodots have similar 
loading efficiencies.  
In addition, we investigated the brightness of nanodots in nanogels by microscopy. 
The 670 nm emitter still exhibits bright emission inside nanogels as shown in Figure 4-7. 
As the solution was diluted continuously, fewer and fewer bright single nanogel particles 
appear on cover slips until well-separated single nanogel particles are achieved (Figure 4-
7A). The photon count rate reaches up to 180,000 photons/sec/nanogel particle, 
corresponding to 13,000 photons/sec/nanodot at 670 nm under Hg lamp excitation with 
575/30x for excitation and 650LP for emission as shown in Figure 4-7B and C. Moreover, 
these gels are stable in different chemical environments. Figure 4-8 presents that the 670 
emitter-nanogel has a half life time of more than 10 hours in 10% serum or sodium 
phosphate buffer at 37oC, showing similar stability as DNA-Ag nanodots alone in such 
media.  
Although the hybrid gel system meets the requirement such as bright emission 
and thermal stability, biocompatibility is one of the greatest challenges for in vivo study. 
With Dr. Erin Dickerson’s help, we checked the cell viability with Hey cells. Cells were 
incubated in three different conditions: DNA-Ag nanodot-nanogels, DNA-Ag nanodots, 
and AgNO3 at 37oC for 24 hrs, followed by treatment with Tox 8 reagent. Figure 4-9 
shows that cell viability is good with lower concentration (less than 5 µM of DNA-






Figure 4-7. Emission images from 670 nm Ag nanodot-nanogel solution on glass cover slip 
were taken by Ixon camera under excitation from mercury lamp excitation (575/30x for excitation 
and 650LP for emission). images B and C were close-up images of single particles of Ag ND-ngs  
















Figure 4-8. Stability of 670 emitter-nanogel in 10% serum and sodium phosphate buffer at 37oC. 
The emission intensities of the above nanodots at 670 were monitored at 600 nm excitation. 670 















Figure 4-9. Hey cell viability checked with Tox8 (Sigma) after treatment with Nanodots (670 
emitter), Nanogel/Nanodots/ and AgNO3 for 24 hrs.  Note that the concentration is for DNA, and 
the corresponding AgNO3 concentration should be 6× that of DNA. 670 nm Ag nanodot produced 
























concentration should be 6× that of DNA. However, cells could not survive well at higher 
silver concentration in individual condition (more than 5 µM). In any case, the toxicity 
results are similar, likely originating from the presence of silver ions. Though silver ions 
were regarded being toxic to bacteria but safe to mammalian cells, and accordingly it was 
used as wound healing drug, there were also reports on it concentration-dependent 
toxicity on mammalian cells.43, 44 It was shown some neurotoxicity after high dose 
contact with silver ions.45-47 For the biological application of silver nanodots, it might be 
necessary to ensure effective encapsulation of silver ions. However, nanogel affords 
some protection of silver nanodots due to a delay of releasing silver nanodots. The bare 
670 nm emitter would quickly stain nucleoli strongly after microinjection. Contrarily, in 
8 out 10 cells injected with 670 nm emitter-nanogel system, nanodots did not diffuse into 
nucleus right after microinjection as the large size of nanogels may prevent their 
translocation freely into nucleus, as shown in Figure 4-10. This also suggests that silver 
nanodots can be applied easily without disturbing the delivery vehicle characteristics. 
Nanogel is porous network. Some small molecules can easily diffuse into it. The stability 
of silver nanodots was not improved because the amino acids, short peptides, anions, 
especially Cl-, will deteriorate the emission of nanodots. 
As mentioned earlier, Ag nanodot itself has good enhancement as well as 
modulation characteristics. Thus, it is quite interesting whether the Ag nanodots keep 
those kinds of nanodots’ properties after entrapment in nanogel. Figure 4-11A shows the 
fluorescence enhancement of Ag nanodots depending on primary laser power and Figure 
4-11B depending on the secondary laser power. It clearly shows that Ag nanodots inside 










Figure 4-10. Live NIH 3T3 cells were micro-injected with 670 nm emitter-nanogels. (A) Phase 
contrast image of cells. (B) Fluorescence image of Ag nanodots under Hg lamp excitation 







Figure 4-11. Comparison of enhancement between 615 nm Ag nanodot itself and 615 nm Ag 
nanodot-nanogel depending on varied primary laser intensity (561 nm laser) at fixed secondary 
laser intensity (805 nm laser, 64.9 kW/cm2)  (A), or varied secondary laser intensity (805 nm 
laser) at fixed 561 nm laser intensity (4.89 kW/cm2) (B). Samples were prepared by spin coating 
of Ag nanodot-nanogel solution. C and D, Images of Ag nanodot-nanogel solution on glass cover 
slip with constant defocused 561 nm laser and optically chopped 805 nm laser excitation, before 




monitoring and tracking target in vivo, the gel system should be demodulated even in 
solution. This is demonstrated in Figure 4-11C and 4-11D in which the strong, universal 
emission from bulk solution of Ag nanodots-nanogels, representing more scattering in 
liquid and thus high background and weak signals inside cells or tissues, was 
demodulated, resulting in dramatically decreased background. This result is promising to 
show that gel system incorporating with Ag nanodots may be useful for in vivo studies, 




Silver nanodots can be encapsulated into hydrophobic PLGA particles and 
hydrophilic nanogels. After encapsulation, they still retain their characteristic 
photophysics in such new environments, such as excellent brightness under either one 
photon excitation or two photon excitation. Moreover, the resulting silver nanodot-
nanogel/PLGA systems still show strong fluorescence enhancement when the 
fluorophores are irradiated with an extra lower energy secondary laser, which is useful to 
obtain higher signal to noise ratio in high background environments. These primary data 
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Easily Prepared, Photostable, DNA-Encapsulated  
Gold Nanodots 
 
 In this chapter, we describe the creation of ssDNA-protected, water-soluble 
luminescent gold nanodots. Among the sequences examined, poly-cytosine exhibits 
strong ability to protect gold nanodots. These nanodots with a 640 nm emission show 
high quantum yield in red emission among these gold nanodots reported, long 
lifetime, large Stokes shift as well as chemical and photophysical stability. As a 
proof of concept, cells were co-stained with gold nanodots and a commercial organic 
dye. In this application, nanodots display not only bright emission, but also extreme 
photostability. Since their luminescence lifetimes are 4 μs, it is possible that the gold 
nanodots could be a useful biomarker for time-gated imaging. 
 
5-1. Introduction 
In vivo imaging has attracted lots of attention in the last decade, in the effort 
to develop non-invasive imaging techniques.1, 2 While magnetic resonance imaging 
(MRI) has been widely used as a diagnostic tool,3 optical imaging system is just 
being developed for this purpose,2, 4 giving the higher sensitivity, resolution and 
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efficacy when light is used as an information medium.2, 5 The key to successful 
extraction of useful information from imaging is to increase the signal to noise ratio. 
One solution is to develop highly bright fluorophores. Studies on fluorophores such 
as quantum dots and noble nanoparticles have also been spotlighted.6-8 Unlike 
conventional organic dyes, quantum dots (QDs) exhibit 10-100 fold higher extinction 
coefficient, enabling efficient absorption of photons in the dim environments.9 
However, QDs still have drawbacks such as cytotoxicity and large size hindering its 
wide biological application. 
Of noble metal nanoparticles, beyond the previously mentioned silver 
nanodots, gold nanoparticles have been actively developed due to relatively easy 
synthesis, accessible modification of their surface by conjugating biomolecules, low 
toxicity as well as size-tuned optical and electronic properties.10-15 In the past two 
decades, a broad range of emissive Au(I) complexes,16-19 Au nanodots, and 
nanoparticles 20-29 were synthesized by using organic ligand or combination peptides. 
In general, a thiol group is one of the most widely used protection group to produce 
gold nanoclusters by sodium borohydride (NaBH4) reduction. However, the study of 
water soluble Au nanodots with high luminescence quantum yield (ΦL) in red region 
was rarely reported, mostly with very low ΦL (0.001% - 3%).20-22  Recently, Ying 
group reported fluorescent gold nanodot directly synthesized in protein protection, 
such as bovine serum albumin (BSA), in sodium hydroxide (NaOH) solution.30 The 
gold nanoclusters emitted 640 nm excited at 480 nm, and their quantum yield (ΦL) is 
about 6%.30  They successfully approached green chemical synthesis without NaBH4 
to produce gold nanoclusters, but the BSA used in the above research may be large 
139 
 
size (66 kDa) for cellular imaging.  Also, their photophysical study is not enough. 
Chang group reported carbohyrated protected gold nanodots. They used 
tetrakis(hydroxymethyl)phosphonium chloride as a reducing agent and capping 
materials to prepare gold nanodots, having 618 nm red emission excited at 375 nm.31 
The final gold nanodots were produced by surface modification with 11-mercapto-
3,6,9-trioxaundecyl-r-D-mannopyranoside.31 The resulting nanodots emitted 545 nm 
excited at 375 nm and quantum yield is 8.6%.31 So far, this quantum yield is the 
higher than that of currently available water soluble and alkanethiol-protected gold 
nanodots. However, the emission was shifted from 618 nm to 545 nm, which means 
the quantum yield is for green emission. Also, their synthesis is not simple. We have 
applied single strand DNA (ssDNA) as a scaffold to protect silver nanodots.32-34 The 
good affinity of DNA to metal ions, the small size and single-point-modification 
ability of ssDNA inspired us to apply ssDNA to protect Au nanodots. Herein, we 
report bright and water-soluble DNA-encapsulated Au nanodots in the red region 
(640 nm) with a reasonable size, remarkable chemical and photo-physical stability, 
and high Φ L (7%) among reported gold nanodots. This unique photophysical 






5-2. Experimental section 
Materials 
All oligonucleotides were purchased from Bioneer (South Korea) and 
purified with standard desalting by the manufacturer. All other reagents were 
purchased from Sigma-Aldrich. Gold (III) chloride trihydrate was used with ≥99.9% 
purity and sodium borohydride with 98% purity.  
 
Synthesis and characteration of Au nanodots 
Most experimental conditions are similar as described in Chapter 2. The 
DNA-encapsulated Au nanodots were prepared by mixing 53 μM of 20 mer 
polycytosine (5′-CCCCCCCCCCCCCCCCCCCC-3′; C20) with HAuCl4⋅3H2O with 
a 2:1 molar ratio of base:gold. This solution was kept in dark at room temperature for 
60 hours, followed by reduction with two equivalents of aqueous NaBH4 solution 
(versus gold) under vigorous stirring. A week later, this solution was centrifuged at 
100,000 rpm for two hours at 20oC and then the light yellowish brown supernatant 
was collected for characterization and in vitro study. 
Luminescence lifetime measurement was performed with an Edinburgh 
Instruments Lifespec-ps system with a Hamamatsu multi-channel plate 
photomultiplier tube detector. 10 kHz 532 pulsed laser or 476 diode laser operated at 
10 kHz was used for lifetime measurement as the excitation source. 
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5-3. Results and discussion 
Gold nanoparticles have been applied for in vivo imaging due to their low 
toxicity, which partially indicates that gold atoms might have weak binding to 
biological molecules.35-37 Most gold nanoparticles and nanodots were prepared under 
the protection of thiol derivatives.22, 27, 38 In many applications involving gold and 
DNA, gold mostly does not interfere with the function of DNA.39-43 It was not clear 
if gold ions would interact with ssDNA to form emissive nanodots. Polyadenine 
(poly A), polyguanine (poly G), polythymine (poly T) and polycytosine (poly C) 
were mixed with HAuCl4 respectively, followed by sodium borohydride reduction. 
However, only polycytosine solution shows red emission. Sequences consisting of a 
combination of varying bases failed to give strong red emission as well. Au nanodots 
produced under 12 mer polycytosine (5′-CCCCCCCCCCCC-3′, C12), 20 mer 
polycytosine (5′-CCCCCCCCCCCCCCCCCCCC-3′, C20), or 24 mer polycytosine 
(5′-CCCCCCCCCCCCCCCCCCCCCCCC-3′, C24), exhibiting similar photophysics, 
with main emission at 640 nm. The excitation spectrum has a peak at 450 nm. 
However, the absorption spectrum shows weak broad absorption between 400 and 
500 nm, with a small peak merged into the large absorption of DNA (Figure 5-1). 
However, there is no plasmon absorption from Au nanoparticles (~ 520 nm), 
indicating that all nanoparticles can be removed after spinning down. Corrected 
absorption spectrum can be obtained by subtracting the absorption of [DNA + Au3+ 
solution] (before reduction) from [DNA + Au3+ + NaBH4 solution] (after reduction), 
which clearly corresponds to the excitation spectrum of Au nanodots. Control 










Figure 5-1. Emission and excitation spectra and absorption of C20 Au nanodots. Left, 
Emission (red) and excitation (black) spectra of C20 Au nanodots. Inset, emission picture of 
C20-Au nanodots solution under 450 nm excitation; Right, UV-Vis absorption spectra of 
[DNA + Au3+ solution] (gray, before reduction) and [DNA + Au3+ + NaBH4 solution] (pink, 
after reduction). Inset, spectrum after subtraction of absorption spectra (after reduction – 






absence of any of these components: gold ions, ssDNA, and chemical reduction, 
suggesting that emissive Au nanodots are formed. The Au nanodots are extremely 
stable. The luminescence intensity of this aqueous Au nanodot solution shows almost 
no change even after more than one year storage at room temperature. In addition, 
Au nanodots are quite chemically stable in biological environmental including PBS. 
The DNA-Au nanodots synthesized in deionized water were put into PBS, and 
checked at room temperature. As shown in Figure 5-2, the emission is quite stable. 
The Au nanodots in PBS just 14% decreased than that in deionized water. 
Our DNA-encapsulated Au nanodots have a long lifetime (4 μs), large Stokes 
shift, and moderate quantum yield (7%), similar to gold(I) complexes17 and 
europium complex reported recently.44 The long excited-state lifetime can be applied 
for lifetime imaging in which emission from the longer lifetime of Au nanodots is 
distinguished from nanosecond autofluorescence by time-gated microscopy, 
resulting in higher signal to noise ratio.45-47 Furthermore, the large Stokes shift 
enables more compatible multi-color staining together with conventional organic 
dyes which often exhibit very small Stokes shifts.  
The great advantage of our Au nanodots over either Au (I) complexes or 
europium complexes is they are oxygen-insensitive. For instance, luminescence  
from Au(I) or Eu complexes involve either the triplet excited state of gold (I) 
complexes or the sensitization of europium complexes by triplet excited state 
sensitizer, which will be greatly interfered with oxygen, and consequently the 












Figure 5-2. Stability of DNA-Au nanodots in PBS (red) and deionized water (black, control) 








applications.48 However, DNA-encapsulated Au nanodots are oxygen-insensitive; 
removal of oxygen from the Au nanodot solution did not change the luminescence 
intensity. Moreover, our Au nanodots can be efficiently excited with 458 nm and 
even 488 nm of Ar-laser which is equipped generally for confocal microscopy. 
Whereas, europium complexes require sensitizers with absorption near 405 nm, a 
wavelength that may generate high auto-fluorescence level and may damage cells.49  
Different from ssDNA-protected silver nanodots, the emission wavelength of 
Au nanodots does not shift much when adjusting the sequence of protection ssDNA. 
Therefore, we tried to tune the Au nanodot emission by mixing Au with other metals, 
as reported previously.15, 50 The results indicate that emission from the Au nanodots 
was affected by other metals, but the emission wavelength was not adjusted well. 
Here we used C12 as an example. The addition of Ag(I) ions to the C12-Au (III) 
solution with a Ag/Au of 1:1, followed by sodium borohydride reduction, yielded 
similar 640 emission. However, the new Au/Ag nanodots (Au/Ag ND-1) exhibit 
about 2.5-fold lower emission intensity (Figure 5-3) but similar lifetime (5 μs).  
On the contrary, the addition of Au (III) to a mixture of Ag (I) and DNA prior 
to reduction showed no emission. It may indicate that Au (III) has a stronger affinity 
to C12 than Ag (I). The first-added Au (III) binds to ssDNA firmly and then forms 
Au nanodots well. However, the first-added Ag (I) interfered with the subsequently 
added Au (III) and could not form regular DNA-protected Ag nanodots. This 
phenomenon can also be demonstrated by adding Au (III) ions to DNA-protected Ag 
nanodots, which leads to the disappearance of regular red emission of Ag nanodots, 










Figure 5-3. Emission intensity comparison. Emission intensity of DNA-Au nanodots (black) 
is much higher than that of DNA-Au/Ag (added Ag+ into Au3+ before reduction, Au/Ag of 

















Figure 5-4. Full-scanned emission spectra of gold/silver nanodots solution. Stable DNA-
encapsulated Ag nanodots before Au(III) added (left), in-situ emission after adding 10 μM of 
Au (III) into stable DNA-Ag nanodots (upper right), in-situ emission after adding 100 μM of 





nanodots by Au (III) as shown in Figure 5-4. Reduction of the above mixture by 
sodium borohydride results in a mixture of emissions from both Ag nanodots and Au 
nanodots as indicated by their characteristic excitation wavelengths (though both 
have 640 nm emissions, Au nanodots are excited at 458 nm while Ag nanodots at 
560 nm.) and lifetimes as shown in Figure 5-5. The emission from Ag nanodots is 
gradually replaced by Au nanodots and the final less photostable Au/Ag nanodots 
exhibit a lifetime of 1.8 μs, which is different from either the pure Au nanodots or 
the Au/Ag ND-1. However, in a reverse case (adding Ag ions into DNA-Au 
nanodots), Au emission is not much influenced (Figure 5-6a), with a blue shift of 
about 20 nm. This may indicate the Au(III) /Au(0) has stronger binding affinity to 
cytosine compared to Ag(I)/Ag(0). However, Cu(II) has stronger influence on the 
stability of gold nanodots. At low Cu(II) concentration (10 μM), the emission of 
nanodots decreases 30%, but disappeared at higher Cu(II) concentration (100 μM) as 
shown in Figure 5-6b. Since the redox potential of Cu(II)/Cu(0) is 0.34, while 
Ag(I)/Ag(0) is 0.80, it is not likely Au nanodots are oxidized by Cu(II) because the 
higher redox Ag(I)/Ag(0) does not interfere with the gold nanodot emission. The 
quenching of the emission of Au nanodots might be due to stronger binding of Cu(II) 
to cytosine. There are reports on the binding to Cu(II) to DNA sequence, but no 
available data on their exact binding affinity.51   
The gold nanodots exhibit not only good chemical stability but also good 
photostability. Methanol-fixed NIH 3T3 cells were incubated with C20-encapsulated 
Au nanodot solution (3 μM) overnight, and then stained with Sytox Green nucleic 










Figure 5-5. Emission and excitation spectra of Au/Ag nanodots after reduction by NaBH4 
to a mixture of Au (100 μM) and stable DNA-Ag nanodots solution (50 μM). As indicated 
by arrows, the excitation spectra showed increase at 450 nm region (more Au nanodots 
















Figure 5-6. Emission spectra trace after adding different concentrated metal. (a) After 
adding 10 μM (red) or 100 μM (pink) of Ag (I) into stable DNA-Au nanodots. (b) After 
adding 10 μM (blue) or 100 μM (green) of Cu (II) into stable DNA-Au nanodots. Stable 








shift of Au nanodots enable multicolor staining with Au nanodots and Sytox Green 
with the same excitation at 458 nm, but detection at BP 505-550 nm for Sytox Green 
and BP 590-690 nm for Au nanodots. As shown in Figure 5-7, the Au nanodots 
display diffuse staining of the cytoplasm, and Sytox Green localizes in the nuclei. 
Compared to Sytox Green (green), the gold nanodots (red) are extremely photostable. 
After more than two hours with continuous confocal scanning (2 min 5s/full scan), 
the gold nanodots were still bright and the mean intensity of Au nanodots decreased 
only 25%. However, Sytox Green quickly bleached after a few scans. Other organic 
dyes may show better stability than Sytox green. However the excellent 
photostability of gold nanodots suggests that these nanodots can be potentially useful 
for long time imaging. Together with their large Stokes shift and long lifetime, the 
Au nanodots might be quite useful for biological labeling, in vitro staining, and 
lifetime imaging. Furthermore, DNA can be readily single-point-conjugated to other 
target molecules by modification of ssDNA, so more specific applications with live 















Figure 5-7. (a) The confocal images of NIH 3T3 cells loaded with C20-Au nanodots and 
Sytox ® Green nucleic acid stain were shown with different time trace. Emission images 
from Au nanodots (up) and Sytox ® Green nucleic acid stain (middle) were merged in 
bottom row. All images were taken by Carl Zeiss Inc. LSM 510 UV confocal microscope 
(both were excited at 458 nm, the emission form C20-Au nanodots were detected between 
590-690 nm, and the emission from Sytox ® Green nucleic acid stain were detected between 
505-550 nm). Scale bar: 30 μm. (b) The time profiles (survival time vs. intensity) of above 




In summary, with DNA scaffold we easily synthesized bright and water-
soluble luminescent gold nanodots. These nanodots also have excellent 
photostability, large Stokes shift, long lifetime, and moderate quantum yield among 
these long lifetime chromophores. These photophysical properties give DNA-
encapsulated Au nanodots good advantages for biological applications including cell 
staining. Due to their long lifetimes, it might not be ideal for single molecule 
imaging. However, when employing time-gated imaging techniques, the gold 
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CONCLUSIONS AND FUTURE OUTLOOK 
 
Though as a emerging field, silver nanodot has been shown to be a new type of 
promising fluorophore with excellent photophysics, potentially useful for single molecule 
imaging and in vivo imaging. Its spectral purity, as a requisite for imaging agents, has 
been greatly improved by engineering the protective ssDNA sequence as well as 
preparation conditions. The introduction of hairpin structure of the DNA was one of the 
strategies, leading to the synthesis of outstanding silver nanodots with highly spectral 
purity, decent fluorescence quantum yield and much higher fluorophore concentration. 
However, different from organic fluorophores that are constructed with relatively stable 
covalent bonds, silver nanodots are protected partially by coordination bonds. In other 
words, any component having stronger affinity to silver in the solution will compete with 
the DNA protection group, resulting in destabilization of silver nanodots. Building up a 
strong protection group for silver nanodots, for example, increasing the melting 
temperature of hairpin DNA, can delay the deterioration of silver nanodots in harsh 
conditions.  
A stable silver nanodot can be therefore applied to cellular imaging. Though the 
nonspecific staining still appears to be an issue, multi-color staining by multi-silver 
nanodot emitters was achieved in fixed cells. Moreover, the stability and brightness of 
silver nanodots in live cells were also examined to be best so far. However, it would be 
still a challenge to prepare the highly pure silver nanodot-DNA complex, considering that 
the current synthetic yield of DNA-protected silver nanodots is less than 3%, and the 
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applied silver nanodots are actually a mixture of free DNA, non-reduced silver-DNA 
complex, and silver nanodot-DNA complex. Once the purer silver nanodots are obtained, 
the total amount of [silver + DNA] will be much less and consequently non-specific 
staining will be lessened.  
Nevertheless, the chemical stability of silver nanodots in drug delivery vehicles is 
not always a problem. For nanogel, however, it is a relatively open system, and the 
chemical and thermal stability of silver nanodots are still critical for their applications. 
When encapsulated in PLGA, DNA-protected silver nanodots retain their photophysics in 
hydrophobic PLGA particles, promising application to in vivo imaging. Combined with 
fluorescence modulation technique, silver nanodots will be strong candidates as imaging 
agents to obtain high signal to noise ratio.  
The development of perfect silver nanodots requires reasonable scaffold design 
and laborious ligand screening. There has been a good start via DNA microarrays to 
screen better silver nanodots. With the contributions of more and more research groups, it 
will not be far away from the robust silver nanodots ideal for biological applications. 
 
  
